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Human circadian rhythm modulation and its effects on physiological and 
behavioural responses 
 
Intrinsically photosensitive retinal ganglion cells (ipRGCs) that contain the 
photopigment melanopsin play an important role in non-visual photoreceptive 
functions of the eye. In particular, melanopsin plays pivotal roles in photoentrainment 
of the endogenous circadian rhythm as well as the pupillary light reflex (PLR). In our 
present set of studies, we investigate if visual photoreceptors (rod and cones) 
contribute substantially to human non-visual light responses. By using light exposures 
at wavelengths designed to target cone photoreceptors instead of melanopsin, we 
observed that intermittent long-wavelength light is capable of evoking a more 
sustained response in the PLR than constant illumination, suggesting involvement of 
cone photoreceptors. Following up on this result, we studied if intermittent long-
wavelength light would be similarly superior to constant illumination in resetting 
circadian rhythms and suppressing melatonin. Although we found no significant 
difference between the constant and intermittent exposure groups, a subset of 
participants who were exposed to red light nevertheless showed a significant circadian 
phase delay of a magnitude comparable to that from bright white light exposure, 
suggesting that cone photoreceptors are capable of driving significant circadian 
responses. In comparison, exposure to red light at night did not inhibit melatonin 
production whereas all participants showed unambiguous pupillary constriction. The 
discordant results we observed between circadian phase shifting, melatonin 
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suppression, and pupillary responses also suggest that there may be separate 
sensitivity thresholds for different non-visual light responses. In a separate set of 
analyses using data collected from the same experimental protocol, we examined 
potential physiological predictors of sleepiness in response to sleep deprivation and 
circadian misalignment. Even though cardiac measures did not perform as well as 
percentage of eye closure, an oft-relied ocular measure in assessing fatigue, they were 
able to track changes in impairments in attention and may thus be useful adjuncts for 
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Chapter 1: Introduction and Background 
 
The internal clock 
The Earth’s rotation about its axis results in a daily cycle of about 24 hours, 
producing a regularly changing environment that organisms must adapt to. This is 
manifested most noticeably in the cycle of light and darkness, which influences 
corresponding periods of activity, rest, and growth in diurnal and nocturnal species. In 
mammals, this requires both an endogenous internal clock capable of keeping track of 
time, as well as a means by which this clock can be synchronised with environmental 
cues. The daily biological rhythm is referred to as the circadian rhythm, derived from 
the Latin words circa and diem, meaning: about a day. Studies in rodents have 
identified the mammalian clock or circadian pacemaker as the suprachiasmatic nuclei 
(SCN), a paired group of neurons located bilaterally in the anterior hypothalamus, 
situated above the optic chiasm (Ralph et al., 1990; Abrahamson and Moore, 2001), 
with humans sharing similar neuroanatomical features (Lydic et al., 1980). 
Transcription of clock genes in the SCN and interactions between their protein 
products form feedback loops that result in endogenous production of the circadian 
rhythm (Takahashi et al., 2008). These neurons are also able to generate such rhythms 
autonomously, as shown by the preservation of circadian oscillations upon isolation 
(Welsh et al., 1995). Bilateral lesions of the SCN result in disruptions and loss of 
physiological and behavioural daily rhythms like the sleep-wake cycle, demonstrating 
that the SCN is critical for the expression of such rhythms (Moore and Eichler, 1972; 
Stephan and Zucker, 1972; Ibuka and Kawamura, 1975; Mouret et al., 1978). The 
SCN receives monosynaptic inputs from the retina, via the retinohypothalamic tracts 
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(Sadun et al., 1984; Moore et al., 1995), linking the primary light-sensing organ, the 
eye, with the circadian clock. 
Measuring the circadian system 
Since it is currently not possible to directly measure the SCN rhythm in vivo, 
output rhythms of the circadian pacemaker in the form of physiological and 
behavioural parameters can be measured to infer  the amplitude, period, and phase of 
an animal’s SCN rhythm. Monitoring of rest-activity levels in rodents under constant 
darkness over the course of days for example, can be performed to assess the phase 
and period of their underlying endogenous circadian rhythm, also known as the free-
running rhythm. In humans however, the free-running rest-activity cycle, reflected by 
self-selected bedtimes and wake times, is an unreliable marker of circadian phase, 
even when the rest-activity period is similar to the endogenous pacemaker (Czeisler et 
al., 1980). Apart from sleep, meals and posture can also affect core body temperature 
and other physiological measures that vary with the circadian rhythm (Mills et al., 
1978, Duffy and Dijk, 2002). To remove the masking effects of these exogenous 
influences on the underlying circadian rhythm, human participants can be studied in a 
constant routine (CR) procedure, where they are kept continuously awake in dim light 
in a semi-recumbent position while being required to ingest identical portions of food 
and fluids at regular intervals. Under such conditions, measurements of physiological 
parameters like core body temperature and certain hormonal levels (e.g., melatonin 
and cortisol) that oscillate in a circadian fashion can then be used to experimentally 





Representative plot of core body temperature (CBT) across time in a 
participant undergoing a constant routine (CR) procedure. His wake time 
was 8am and he was kept awake for the next 26 hours. CBT rises shortly 
after wake and then starts declining in the evening, reaching a trough 
around 4am.  
 
 
Responses of the circadian system to white light 
Exposure to bright light resets the phase of the circadian pacemaker. This was first 
shown in humans more than 25 years ago by measuring the core body temperature 
and cortisol level in a female human subject exposed to 4 hours of bright white light 
consecutively for 7 evenings. This treatment induced a 6-hour delay shift in her 
circadian cycle after only 2 days, demonstrating that bright light is capable of strong 
and rapid phase shifts of human circadian rhythms (Czeisler et al., 1986). 
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In a follow-up study, normal young adults were exposed to light stimuli over the 
course of 2 to 3 days. The time at which the stimuli were applied was varied while the 
intensity, duration, and spectral composition were kept constant (Czeisler et al., 
1989). From the data collected, a phase response curve (PRC) was constructed, 
showing that humans were most sensitive to light during the biological night and 
much less so in the middle of the biological day. In addition, light exposures in the 
late biological day or early biological night produced phase delay shifts of the 
circadian rhythm whereas light exposures in the late biological night or early 
biological day produced phase advance shifts. This means that in a normal diurnal 
individual, light exposure before bedtime will shift the cycle to a later time, while 
light exposure in the early morning will shift the cycle earlier. Subsequent studies 
using only a single light exposure period to construct PRCs (Honma and Honma, 
1988; Minors et al., 1991; Khalsa et al., 2003; St. Hilaire et al., 2012) also showed 
phase-delay and phase-advance shifts in the late biological day/early biological night 
and late biological night/early biological day respectively. The PRC has implications 
for the concept of circadian entrainment. Studies have shown that the average 
circadian period in sighted humans is close to, but slightly longer than 24 hours 
(Middleton et al., 1996; Carskadon et al., 1999; Czeisler et al., 1999; Duffy et al., 
2011). Therefore, in the absence of resetting cues (e.g., being kept in constant 
darkness or very dim light), the average person’s circadian cycle can be expected to 
drift later each day. To enable the circadian system in such individuals to be 
synchronised with the 24-hour solar day, or in other words, be entrained, the circadian 
system must align in such a way that exposure to light results in a net phase-advance. 
Conversely, in individuals with circadian periods shorter than 24 hours, entrainment 
will have to be achieved by a phase-delay shift instead. 
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Apart from varying the time at which the light stimuli were applied, studies have 
also looked at how the circadian system responds to changes in the intensity of the 
light stimuli. By measuring plasma levels of melatonin or its metabolite in urine 
samples of humans, it was reported that brighter levels of light exposure resulted in a 
greater suppression of melatonin production (Lewy et al., 1980; Bojkowski et al., 
1987; Brainard et al., 1988; McIntyre et al., 1989). A study examining circadian 
phase shifts of subjects exposed to different intensities of white light found a non-
linear dose-response relationship and that relatively low intensity light (~180 lux) can 
result in significant phase shifts (Boivin et al., 1996). In another study, participants 
were exposed to 6.5 hours of white light ranging from 3 to 9100 lux during the late 
biological day/early biological night. Both the resulting degree of phase-delay shifts 
of the circadian rhythms and amount of melatonin suppression were found to relate to 
the intensity of light exposure by following a logistic dose-response curve (Zeitzer et 
al., 2000). It was also found that exposure to ordinary room light, about 500 lux, 
elicited near-maximal responses. The same logistic dose-response relationship was 
observed between light intensity and measures of alertness, as assessed by a 
subjective sleepiness scale, the incidence of slow eye movements, and 
electroencephalographic activity in the theta-alpha range (Cajochen et al., 2000). 
Non-visual responses and the eye 
In view of the effects of light on circadian phase shifting, melatonin suppression, 
and alertness, our appreciation of the role of the eye as the primary light-sensing 
organ has now expanded beyond that of the sense of sight. We can therefore broadly 
categorise the functions the mammalian eye performs into: non-visual (also known as 
non-image forming) responses, a collective term for the abovementioned phenomena 
together with some others such as the pupillary light reflex which will be discussed 
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later; as well as visual responses, namely the way it allows an organism to perceive 
and form an image of the world around it. In addition, our current understanding is 
that there are no extraocular photoreceptors in humans (Lockley et al., 1998; Hébert et 
al., 1999; Jean-Louis et al., 2000; Lindblom et al., 2000a and 2000b; Wright and 
Czeisler, 2002). 
Until the 1990s, the prevailing knowledge of human vision was that photons were 
captured by photoreceptors (rods and cones) in the outer retina, which communicate 
with retinal ganglion cells (RGCs) in the inner retina via bipolar cells. Axons of the 
RGCs then form the optic nerve, which provide a topographic map to the brain to 
facilitate image processing and formation. Because eye loss abolishes circadian 
resetting by light, it was assumed that like visual responses, non-visual responses 
must be mediated by rods and cones as well. 
Challenging this assumption, mice lacking all rods and most cones (rd/rd mice), as 
a model of retinal degeneration, were shown to be as capable as fully sighted mice to 
be photoentrained (Foster et al., 1991; Yoshimura et al., 1994). It was also reported 
that in some blind humans, light exposure was capable of suppressing melatonin at 
night (Czeisler et al., 1995), and producing phase-shifts in their circadian rhythms 
(Klerman et al., 2002). Even more compelling evidence for the presence of a non-rod 
non-cone photoreceptor in mammals surfaced when mice without rods and cones 
(rd/rd cl mice) showed normal melatonin suppression (Lucas et al., 1999), and no 
deficits in phase-shifting response, but removal of the eyes abolished 
photoentrainment completely (Freedman et al., 1999). In 1998, a new opsin family, 
the vertebrate ancient (VA) opsin, was isolated and found to be expressed in RGCs, 
but not rods and cones of the teleost fish (Soni et al., 1998), hinting at the capability 
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of RGCs to be photoreceptive in addition to rods and cones. However, there is no 
evidence that VA opsin is expressed in the mammalian inner retina. 
ipRGCs and melanopsin 
So what was this new photoreceptor in the eye, but was neither a rod, nor a cone? 
And even if this new photoreceptor was found, what was the identity of the 
photopigment that transduces the capture of photons to a cellular signal? 
In 1998, a novel opsin, melanopsin was reported, named after the dermal 
melanophore cells of frogs (Xenopus laevis) from where it was first isolated 
(Provencio et al., 1998). Although another class of photopigments, the cryptochromes 
were also proposed as candidates for the photopigment responsible for non-visual 
responses (Miyamoto and Sancar, 1998; Selby et al., 2000), a series of experiments 
established melanopsin as the frontrunner by demonstrating its presence in the RGCs 
of mice and humans (Provencio et al., 2000). Importantly, melanopsin was shown to 
be expressed in a small subset of retinal ganglion cells that project directly to the 
SCN, suggesting that melanopsin functions in circadian photoreception (Gooley et al., 
2001; Hannibal et al., 2002; Hattar et al., 2002). Consistent with this hypothesis, 
intracellular recording of rat RGCs (identified by retrograde labelling from the SCN) 
that were either surgically or chemically isolated were found to be intrinsically 
photosensitive with peak sensitivity to short-wavelength blue light (Berson et al., 
2002), while cellular calcium ion imaging of retinal cells in rd/rd cl mice showed an 
extensive network of RGCs that were photosensitive (Sekaran et al., 2003). These 
rodent studies established the presence of a subpopulation of RGCs that were 
intrinsically photosensitive. In primates, the proportion of intrinsically photosensitive 
RGCs (ipRGCs) has been estimated to be 0.2% of all RGCs (Dacey et al., 2005). 
8 
 
Characterisation of melanopsin began with the use of action spectroscopy, which 
entails plotting the magnitudes of responses (e.g., amount of phase-shifting or amount 
of melatonin suppression) against individual wavelengths of light to construct a 
profile of the photopigment’s sensitivity to different wavelengths of light. Prior to the 
discovery of melanopsin in RGCs, action spectra studies in hamsters (Takahashi et 
al., 1984), mice (Provencio and Foster, 1995; Yoshimura and Ebihara, 1996; Lucas 
et al., 2001), and humans (Brainard et al., 2001; Thapan et al., 2001) showed non-rod 
non-cone responses that were most sensitive to visible blue light around 440-480nm. 
Studies performed on mice (Hattar et al., 2003), rats (Berson et al., 2002), and 
primates (Dacey et al., 2005) after the identification of melanopsin yielded similar 
results. A subsequent study demonstrated that circadian phase-resetting in humans 
was also short-wavelength sensitive (Lockley et al., 2003). 
The importance of melanopsin was further anchored when it was shown that mice 
without melanopsin show attenuated circadian light responses, especially in response 
to short-wavelength light (Ruby et al., 2002; Panda et al., 2002). Moreover, mice 
with the melanopsin gene knocked-out and the rod and cone transduction pathways 
disrupted had no circadian or pupil responses to light (Hattar et al., 2003). Thus, the 
presence of melanopsin and the rod and cone opsins can account for all light 
responses in the eye. Definite proof of melanopsin as the photopigment in ipRGCs 
came in the form of experiments performed where human or mice melanopsin were 
heterologously expressed (i.e., in cells other than RGCs) in Neuro2A cells (Melyan et 
al., 2005), HEK293 cells (Qiu et al., 2005), and Xenopus oocytes (Panda et al., 
2005). In these systems, expression of melanopsin was sufficient to drive a 
retinaldehyde-dependent phototransduction cascade, showing that melanopsin is a 
functional photopigment in its own right, and not just an important downstream 
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product of a pathway induced by another photopigment, an accessory product acting 
on another photopigment, or a photoisomerase. 
To bring the story full circle back to ipRGCs, mice with genetically ablated 
ipRGCs fail to show any non-visual responses (Göz et al., 2008; Güler et al., 2008; 
Hatori et al., 2008), similar to animals with non-functional rods, cones, and 
melanopsin. Therefore, ipRGCs are the main mediators of mammalian non-visual 
responses. 
The pupillary light reflex 
Apart from innervating the SCN (Gooley et al., 2001; Hattar et al., 2002; 
Hannibal et al., 2002), the ipRGCs also send collateral axons to other parts of the 
brain, including the intergeniculate leaflets (IGL) of the lateral geniculate nuclei 
(LGN) and the olivary pretectal nuclei (OPT) of the pretectal area (PTA) (Hattar et 
al., 2002; Gooley et al., 2003), an area involved in the pupillary light reflex (PLR). In 
addition, ipRGCs project to the ventral subparaventricular zones (vSPZ) and the 
ventrolateral preoptic nuclei (VLPO) (Gooley et al., 2003). This expands the range of 
non-visual responses to include the PLR, negative masking, and the regulation of 
arousal/sleep-wake states. 
The PLR is an autonomic nervous reflex arc mediating constriction of the pupils 
in response to light. The afferent limb of the PLR involves projections of ipRGCs to 
the OPT. The OPT send descending fibres to the Edinger-Westphal nuclei, which then 
send efferents to the ciliary ganglia (Klooster et al., 1995). Parasympathetic 
postganglionic neurons then innervate the sphincter muscles in the irises of the eyes to 
produce constriction of the pupils. 
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The PLR was one of the non-visual responses used to construct the action 
spectrum for the photopigment in ipRGCs in rd/rd cl mice before the discovery of 
melanopsin (Lucas et al., 2001). However, even though constriction of the pupils in 
response to light was present in the absence of classical photoreceptors (rods and 
cones), there was a clear deficit in the PLR in melanopsin-null mice. In such mice 
where the melanopsin gene was knocked out, the PLR was indistinguishable from 
normal mice at low irradiances of light stimuli, but was incomplete at high irradiances 
(Lucas et al., 2003). This was one of many clues to suggest that classical 
photoreceptors and ipRGCs do not divide their roles neatly into visual and non-visual 
responses respectively. Electrophysiologic and immunohistologic studies have shown 
that ipRGCs are also extrinsically driven by rods and cones (Berson et al., 2002; 
Belenky et al., 2003b; Dacey et al., 2005; Wong et al., 2007) so the roles of classical 
photoreceptors and melanopsin may be complementary and involve complex cross-
interactions in their functions and responses. 
Relative roles of classical photoreceptors versus ipRGCs 
In a study on two blind individuals lacking functional rods and cones, non-visual 
responses were shown to be short-wavelength sensitive (Zaidi et al., 2007). 
Specifically, in one of the subjects, 480-nm light was able to suppress melatonin, reset 
the circadian pacemaker, and induce alertness; whereas in the other subject, PLR 
responses showed a peak sensitivity to 480-nm light, suggesting that melanopsin 
drives non-visual light responses in blind humans. In normal-sighted subjects, the 
short-wavelength sensitivity of non-visual responses was demonstrated by comparing 
the efficacy of 460-nm light against 555-nm light (targeting peak sensitivity ranges of 
ipRGCs and classical photoreceptors respectively) at equal photon densities. In this 
study, the 460-nm light not only achieved a significantly greater amount of melatonin 
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suppression and phase shifting (Lockley et al., 2003), but also resulted in increased 
subjective alertness, faster reaction times, fewer lapses of attention, less 
electroencephalographic power in the delta band, and more electroencephalographic 
power in the high-alpha band (Lockley et al., 2006). While these results suggest that 
ipRGCs are strong mediators of non-visual responses in humans, they in no way rule 
out the contributions of classical photoreceptors. In fact, 555-nm light was still able to 
induce significant phase shifts, and suppress melatonin at the beginning of light 
exposures. This finding was corroborated in a dose-response study comparing 460-nm 
and 555-nm light (Gooley et al., 2010), suggesting that classical photoreceptors 
contribute to non-visual responses at low irradiances and at the beginning of light 
exposures. Studies in mice without medium-wavelength cones found that their 
circadian phase shifting response was attenuated compared to wild-type mice when 
exposed to short-duration 480-nm light but became comparable when the exposure 
duration was increased (Dkhissi-Benyahya et al., 2007; Dollet et al., 2010). This 
suggested that the temporal contribution of cones to non-visual responses is different 
from and not compensated by melanopsin. Another group compared melatonin 
suppression in human subjects exposed to polychromatic white light or 
monochromatic blue light photon-matched to stimulate melanopsin, and found that 
the former evoked an enhanced melatonin suppression response compared with the 
latter (Revell and Skene, 2007). It would thus appear that melanopsin is not the sole 
driver of melatonin suppression, leaving open the possibility of contributions from 
classical photoreceptors. Interestingly, a similar follow-up study by the same group 
showed discordant results, with monochromatic light producing greater melatonin 
suppression than polychromatic light (Revell et al., 2010). The authors suggest that 
this may be a result of the different spectral content of the polychromatic light source 
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used in the two studies, but point out that both studies demonstrate the inability of the 
melanopsin sensitivity function to predict the melatonin suppression response to 
polychromatic light. 
Macaque monkeys possess a trichromatic visual system, similar to humans, and so 
are excellent models of photoreception. An in vitro electrophysiologic study on 
ipRGCs from the retinas of macaque monkeys provided a look into the characteristics 
of cell firing activity in ipRGCs with and without the contribution of classical 
photoreceptors (Dacey et al., 2005). By pharmacological blockade of classical 
photoreceptors, the intrinsic activity of ipRGCs was recorded in response to light 
stimuli. In the absence of rod and cone contributions, there was a long latency before 
the occurrence of the first spike, and a slow build-up of the firing rate to its maximal 
rate corresponding to the intensity of the light stimulus used. Firing was sustained 
throughout the duration of the light stimulus at a rate proportional to the light intensity 
and upon cessation of the stimulus, the firing rate dropped off not immediately but in 
a slow, gradual manner, not unlike those seen in rodent cells (Berson et al., 2002). In 
recordings of ipRGCs without blockade of rod and cone activity, a dim 610-nm red 
light 10 seconds in duration elicited a rapid firing burst upon initiation but firing 
activity was transient and ceased before cessation of the light stimulus. A similar flash 
but at a higher intensity elicited the same rapid initial response followed by 
attenuation of the response throughout the duration of the stimulus after which firing 
ceased. A repeat of the dim exposure but this time using 470-nm blue light also 
showed a rapid maximal burst upon initiation followed by attenuation of firing rate 
throughout the duration of the stimulus with subsequent cessation of firing. A brighter 
exposure using blue light resulted in the same initial response but after transient 
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attenuation, the firing rate settled at a steady rate throughout the duration of the 
stimulus, continuing for more than 10 seconds after the light was off. 
In an in vivo study on macaque monkeys (Gamlin et al., 2007), pharmacological 
blockade of classical photoreceptors by intravitreal injection showed a loss of the PLR 
in response to red light across a range of intensities whereas delayed, slow, but 
sustained PLR response was observed when bright blue light was used. In normal 
monkey eyes, both red and blue light elicited a rapid-onset response of the PLR but 
constriction was greater and more sustained with the blue light stimulus. In addition, 
when blue light was used, constriction was sustained even after removal of the 
stimulus. When tested, normal human eyes showed similar responses to red and blue 
light stimuli observed in normal monkey eyes. 
Taken together, these results can be interpreted on a backdrop of the different 
characteristics of classical photoreceptors and ipRGCs. The former show different 
spectral tuning characteristics from melanopsin, are sensitive at low irradiances, and 
are capable of rapid but transient responses compatible with image-forming functions. 
The latter are most sensitive to short wavelength light in the blue region, are activated 
at higher irradiance levels, and display slow but sustained kinetic properties in 
keeping with circadian functions over longer timescales. The initial transient response 
probably reflects contributions from a response driven by classical photoreceptors. 
The slow but persistent response driven by ipRGCs then enters the picture and helps 
to sustain the steady state. The observed response is thus a combination of the effects 
of both classical photoreceptors and ipRGCs. 
In summary, we have come a long way in our understanding of human non-visual 
responses, starting from the pivotal role of the eye as the means by which light 
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produces its effects. Melanopsin and ipRGCs are not only new additions to rods and 
cones in the photoreceptor family, but have proven critical in the regulation of 
rhythms and responses in our daily lives. Despite growing evidence that classical 
photoreceptors have non-redundant roles to play in non-visual light responses, their 
roles are still poorly understood. In a bid to provide more illumination, we conducted 
a series of studies described in Chapters 2 and 3, designed to shed more light on the 
contribution of visual cones to the PLR, melatonin suppression, and circadian phase 
shifting in humans. Chapter 4 will describe analyses of data we performed on 
evaluating predictors of lapses in sustained attention under the influence of sleep 




Chapter 2: Roles of Visual Photoreceptors and 
Melanopsin in Mediating Sustained Pupillary Light 
Responses 
Note: Experiments and results in this chapter form part of a paper (titled “Melanopsin 
and rod-cone photoreceptors play different roles in mediating pupillary light responses 
during exposure to continuous light in humans”) that has been published in The Journal 
of Neuroscience (Gooley et al., 2012). 
Introduction 
Classical photoreceptors in the human outer retina comprise the rods and three 
types of cones (short-, medium-, and long-wavelength), and intrinsically 
photosensitive retinal ganglion cells (ipRGCS) are the melanopsin-containing 
photoreceptors in the inner retina. These different types of photoreceptors have 
different peak sensitivities (Markwell et al., 2010), with values of the scotopic system 
(rods), photopic system (all 3 cones combined), and melanopsin at about 505nm, 
555nm, and 480nm respectively. Because their response profiles to different 
wavelengths of light overlap one another, they complicate experiments that try to 
tease apart their individual contributions. One way to get around this limitation is to 
use animals with photoreceptors rendered non-functional by permanent or temporary 
genetic or pharmacological methods (Yoshimura and Ebihara, 1996; Lucas et al., 
1999; Freedman et al., 1999; Lucas et al., 2001; Hattar et al., 2002; Panda et al., 
2002; Ruby et al., 2002; Lucas et al., 2003). In humans, rare opportunities to study 
ipRGCs in isolation from classical photoreceptors present themselves in the form of 
blind individuals with no rod/cone functions. There are currently no known conditions 
which result in the absence of melanopsin with preservation of full rod/cone 
functionality, which would allow us to study rods and cones in isolation from the 
contribution of melanopsin. Even though these individuals probably exist, it would be 
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unlikely for them to present at a clinical facility unless specific screening measures 
are adopted. Therefore, in normal-sighted individuals, the best we can do is to use 
selected wavelengths of light at irradiances designed to preferentially target classical 
photoreceptors, so that any responses would most likely result from minimal 
contributions, if at all, from melanopsin. 
Given the neuronal connection between ipRGCs and the olivary pretectal nuclei 
(OPT), which control the pupillary light reflex (PLR), the use of pupillary constriction 
as a measure of non-visual responses to light stimulation presents interesting 
experimental possibilities. Observation of the magnitude and variations in the PLR 
may provide useful insights into how different light stimuli activate and exert their 
effect on other non-visual responses such as melatonin suppression and circadian 
phase resetting. The use of the PLR as a proxy for assessing these responses to light 
accords several advantages. Measurement of the pupil size can be conveniently 
performed by non-invasive methods such as infrared pupillometry. In contrast, 
melatonin assessment requires the collection of biological samples (blood, urine, or 
saliva), and phase resetting (whether measured by temperature or melatonin profiles) 
in response to light requires both pre- and post-intervention data for analysis. 
Therefore, meaningful data for interpretations in circadian phase and melatonin 
profiles require their collection over an extended period of time so as to capture 
baseline and/or extreme values, whereas pupillometry can be conducted over a much 
shorter timescale. 
While previous studies have described the PLR as typically having a rapid 
transient initial reaction  followed by a steady-state response, the assumption was that 
the steady state was achieved in a manner of seconds or a few minutes, because the 
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duration of light exposures were typically short. In pilot studies conducted at the 
Brigham and Women’s Hospital (by Gooley and Lockley) however, it was found that 
the PLR failed to reach a steady state within minutes, and instead continued to 
increase gradually toward the baseline dark-adapted state over the course of tens of 
minutes (see Figure 2.1).  
Figure 2.1  
Representative plots of pupil diameter showing recovery of pupil size towards 
baseline across time. Dotted vertical red lines represent transition times from dark to 
light and then back to dark again. The sequence in the graphs is: 10 minutes in the 
dark, 90 minutes in 555nm green light at 11.5 log photons/cm2/s, and 30 minutes in 
the dark. 
 
Since the increase in pupil size in continuous light occurs for weak light stimuli 
that would not be expected to drive the melanopsin response, presumably rod/cone 
contributions decrease over time in continuous light. Although the time scales are 
different, the pupil diameter recovery profile bears similarities to the recovery of the 
melatonin profile after initial suppression by light targeting the photopic system 
(Lockley et al., 2003; Gooley et al., 2010). If it were possible to prevent this gradual 
reduction in rod/cone drive, then it might be possible to increase the magnitude of 
other non-visual light response that are mediated, in part, by rod/cone signalling. 
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Thus far, most studies on light stimuli have investigated the effects of light 
intensity, duration, and spectral content (wavelength). The rapid transient response of 
classical photoreceptors to light followed by gradual recovery implies that 
contributions from these photoreceptors happen only during the initial stage of light 
exposure and subsequently are behaving sub-optimally to drive non-visual responses 
because their maximal response is not sustained. By giving classical photoreceptors 
time to dark adapt before exposing them to light stimuli again, we may be able to 
produce repeated maximal responses that when summed, are greater than that 
achieved by a single continuous exposure. 
The laboratory’s inaugural set of experiments, which I dubbed First Light, were 
designed to investigate the role of classical photoreceptors in the PLR. Specifically: 
1. We hypothesised that cone photoreceptors can drive sustained PLR 
responses to long-wavelength light across minutes.  To test this, we 
examined spectral responses in normal-sighted participants, and compared 
our results to spectral responses in a blind individual studied using similar 
procedures. 
2. We hypothesised that cone photoreceptors are responsible for tracking 
changes in light stimuli over short timescales. To test this, we examined 
PLR responses in normal-sighted participants to alternating light and 
darkness, and again compared our results to that of the same blind 
individual who was tested with the same stimulus patterns. 
3. We hypothesised that the gradual decrease in the PLR response in 
continuous light is due to reduced contributions from cone photoreceptors 
over time, and that allowing them time to dark adapt would restore 
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responsiveness and thus inhibit pupil size recovery. To test this, we 
examined the PLR responses of normal-sighted participants to long-
duration continuous as well as intermittent light targeting the photopic 
system, and compared their respective efficacies. 
Methods 
Participants 
9 healthy adult (21 to 38 years of age; 6 females) non-smokers with no chronic 
medical conditions participated in the study (referred to as A to I in alphabetical 
order), one of whom took part in all 3 experiments (detailed later). As part of 
screening, they were scored on the Morningness-Eveningness Questionnaire (MEQ) 
and the Pittsburgh Sleep Quality Index (PSQI) to exclude extreme chronotypes and 
those with poor sleep quality in the month prior to the study. Ishihara’s test was also 
administered to screen out colour-blind individuals. Additional eligibility criteria 
included no history of shift work and no travel across time zones in the 3 weeks 
preceding the study. Participants were required to keep to a regular sleep-wake 
schedule (8 hours of time-in-bed for sleep daily with a constant self-selected bedtime 
of 11pm, midnight, or 1am) one week before the study, verified by a self-reported 
sleep-wake diary and wrist actigraphy (Actiwatch-L, Philips/Respironics, Bend, 
Oregon). They were also instructed to abstain from caffeine, alcohol, nicotine, and 
over-the-counter medications for one week prior to study commencement. 
Written informed consent was obtained from all participants and all experimental 
procedures were approved by the Centralised Institutional Review Board (Singhealth, 
Singapore). The blind individual was previously studied at the Brigham and Women’s 
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Hospital in Boston and was diagnosed with retinitis pigmentosa at 35 years of age. 
Findings from fundoscopy included atrophy of the retinal pigment epithelium, 
thinning of retinal blood vessels, and bone spicule pigmentation. Independent 
ophthalmologists performed clinical examinations including tests of visual acuity that 
indicated no conscious light perception in either eye. No visual evoked potentials 
were detected, consistent with total loss of rod/cone functions in both eyes. He had 
also been the subject of another study where he showed melatonin suppression and 
circadian entrainment upon exposure to polychromatic white light or 460-nm light 
(Zaidi et al., 2007).  
Laboratory environment 
Participants stayed in a research suite at the Chronobiology and Sleep Laboratory 
at the Singapore General Hospital for the full duration of the study (3 calendar days). 
Each research suite is constructed as a time-free environment without any windows, 
timepieces, or any device that can help the participants tell time. To prevent 
participants from knowing the exact time-of-day, they were also required to surrender 
their mobile phones, watches, and any other devices that can be utilised to tell time, 
for safekeeping until they left the study. 
Study protocol 
Participants checked in on the morning of Day One 2 hours after their wake time 
and were subjected to a series of light exposures during their waking hours over the 
course of 3 days. Apart from 8 hours of sleep on Night One and Night Two, there 
were occasional breaks between light exposures, before bedtime, and for all three 
meals daily. They then checked out on the evening of Day Three after completing 




Light exposures took place in the research suite between 10am and 7pm in total 
darkness with the exception of the light source. Different light sources were used for 
different types of experiments (see below). A liquid crystal display (LCD) monitor 
(Samsung SyncMaster P2250, Seoul, South Korea) was used to deliver light 
exposures to 6 participants (A, B, C, D, E, and F). They were seated 48cm away from 
the monitor with their head position fixed by a chinrest. Two layers of neutral density 
filters were fastened over the screen to help achieve the desired irradiance range. 
Fine-tuning of the irradiance level was achieved by changing the brightness and 
contrast settings on the monitor. Each light exposure cycle was programmed using E-
prime 2.0 (Psychology Software Tools, Pittsburgh, Pennsylvania) and polychromatic 
green light (with a peak emission wavelength of 543nm) was used as the light 
stimulus (see Figure 2.2).  
Figure 2.2 
Spectral composition of green light from the LCD monitor used in the 




Light exposures for 4 participants (F, G, H, and I) used narrow-bandwidth (10nm 
half-peak bandwidth) light delivered by a xenon arc lamp, selected by a grating 
monochromator, and projected into a modified Ganzfeld dome for full visual field 
illumination. Polychromatic bright white light for all 10 participants was delivered via 
a wall-mounted light panel consisting of fluorescent light tubes (Lumilux Cool White 
(colour temperature 4000K), Osram, Munich, Germany) behind a frosted glass 
surface (see Figure 2.3 for spectral composition). Light levels were measured before 
and after each light exposure using an ILT1700 radiometer and spectral compositions 
of light were determined using an ILT900 spectroradiometer (International Light 
Technologies, Peabody, Massachusetts). During breaks and free time, participants 
were exposed to <5 lux of ambient light provided by ceiling lamps. 
Figure 2.3 
Spectral composition of polychromatic white light exposure from a wall-




In general, light exposures consisted of 3 phases: a) a pre-light exposure dark 
phase (pre-LE), b) the light exposure proper (LE), and c) a post-light exposure dark 
phase (post-LE).  
Experiment 1 – Spectral response of the PLR: This experiment used the xenon arc 
lamp as the light source and the durations for pre-LE, LE, and post-LE were 6, 4, and 
2 minutes respectively. The irradiance level for the 4 participants (F to I) subjected to 
this experiment was fixed at 13.0 log photons/cm
2
/s. The LE consisted of light at 8 
different wavelengths (420, 450, 480, 505, 530, 555, 585, and 620 nm), with the order 
of presentation randomised. Figure 2.4 shows the spectral profiles of the light 
exposures. Exposure to each wavelength of light occurred twice on different study 
days for each participant and pupillary responses were averaged between trials. 
Figure 2.4 
Spectral composition of monochromatic narrow-bandwidth light generated by 
a xenon arc lamp and tuned with a grating monochromator. Spectral profiles 
for the eight wavelengths used (420nm, 450nm, 480nm, 505nm, 530nm, 




Experiment 2 – PLR response to alternating light and darkness: This experiment 
also used the xenon arc lamp as the light source and the durations for pre-LE, LE, and 
post-LE were 6, 4, and 2 minutes respectively. The irradiance level for the 4 
participants (the same ones who took part in Experiment 1) subjected to this 
experiment was fixed at 13.0 log photons/cm
2
/s. The LE consisted of continuous or 
one of two types of intermittent blue light at 480nm. One type consisted of alternating 
5-second episodes of light and darkness for a total of 24 cycles of alternating exposure 
to light and darkness. The other type consisted of alternating 5-second light and 15-
second darkness episodes for a total of 12 cycles of light and darkness. 
Experiment 3 – PLR response to long-duration intermittent light: This experiment 
used the LCD monitor as the light source and the durations for pre-LE, LE, and post-
LE were 10, 30, and 5 minutes respectively. Stimuli presentation were varied by 
making the LCD monitor screen fully black, or green (peak spectral emission at 
543nm, refer to Figure 2.2). Due to the need for the LCD monitor to be switched on 
for some time in order to achieve a stable irradiance, it was not possible to switch the 
monitors off during the pre- and post-light exposure “dark” periods so participants 
were exposed to the black screen output of the switched-on monitor (~0.22 µW/cm
2
). 
The irradiance level for green light exposure in the 6 participants (A to F) who were 
the subjects of this experiment was set at 12.0 log photons/cm
2
/s. Based on previous 
studies, this light exposure would be expected to activate cone photoreceptors, but not 
the intrinsic melanopsin light responses (Berson et al., 2002; Dacey et al., 2005). In a 
within-subjects design, the LE consisted of a continuous dark screen, continuous 
green light, or intermittent green light (at six different flashing frequencies of 0.1, 
0.25, 0.5, 1, 2, or 4 Hz). Participants were exposed to each condition twice, with the 
order of light exposures chosen randomly. In each participant, the median percentage 
25 
 
pupillary constriction from each pair of trials was averaged, and within-subjects 
differences for pupillary constriction in response to different intermittent light stimuli 
were compared by one-way repeated measures ANOVA. 
Pupillometry 
Mono-ocular pupil measurements were obtained using an infrared emitter and 
camera mounted on a headband, digitised, and then processed on a PC-based system 
(ISCAN Inc., Woburn, Massachusetts). Data collection was at a rate of 120 samples 
per second. 
The raw pupillary data were processed using an algorithm to remove artefacts 
(including blinks) and then binned in sizes of 0.5 seconds using MATLAB 
(MathWorks, Natick, Massachusetts). The processed data were then scrutinised 
individually for further manual artefact removal before being plotted. Pupillary 
constriction measures were calculated using the 2 minutes prior to light exposure as 
the baseline in each set of light exposures. The minimum pupil size (maximum 
pupillary constriction) was determined from the median pupil size when exposed to 
2500 lux white light from the wall-mounted fluorescent source. 
To determine percentage pupillary constriction, pupil diameter during each light 
exposure (dLE) was compared to pupil diameter during the preceding dark adaptation 
period (dmax). The difference in pupil diameter (dmax - dLE) was expressed relative to 
each individual’s maximum difference in pupil diameter for a bright white light 













Experiment 1: The PLR response in normal-sighted individuals shows sensitivity 
across a wide spectrum 
The amount of pupillary constriction in the 4 subjects in Experiment 1 was 
compared across different wavelengths of light exposure (at 13 log photons/cm
2
/s) 
with identical experiments performed on the blind subject lacking functional rods and 
cones (Figure 2.5A). In sighted participants, there were no significant differences in 
the magnitude of the PLR across all wavelengths of light tested (one-way repeated 
measures ANOVA; p = 0.088). The profile of the blind subject used for comparison 
showed short-wavelength sensitivity with a fitted-peak response to light at 490nm 
(Figure 2.5B). PLR responses from sighted participants were greater than the blind 
subject at all wavelengths with the greatest difference in magnitude at the long-





(A) Pupillary light responses of normal-sighted participants (n = 4; grey traces) 
exposed to 4 minutes of continuous exposure at 8 different wavelengths are 
shown. Irradiance levels for all exposures were fixed at 13 log photons/cm2/s. 
Error bars in light grey indicate SEM. The pupillary responses of a blind 
individual with no rod and cone functions (black traces) are shown 
superimposed on normal-sighted counterparts for comparison. 
(B) Summary of percentage pupillary constriction at different wavelengths of 
light exposure in normal-sighted participants (n = 4 subjects × 2 exposures per 
subject at each wavelength) and the blind individual (grey and black circles 
respectively). Percentage pupillary constriction was determined by taking the 






Experiment 2: Classical photoreceptors are required to track changing light levels in 
intermittent stimuli 
To examine relative contributions of melanopsin versus classical photopigments 
in response to short-duration intermittent light pulses, the same 4 subjects were 
exposed to a 0.1Hz (5 seconds lights on, 5 seconds lights off)  light stimulus (480nm; 
13 log photons/cm
2
/s) for 4 minutes, and then the results compared with that of the 
blind subject (Figure 2.6). The PLR of sighted individuals were capable of tracking 
the light stimulus consistently across the exposure with no obvious differences in the 
response magnitudes in each intermittent cycle. Even though the PLR of the blind 
subject did not track the changes in the light exposure, a response was still elicited 
across time over several pulses eventually reaching a steady response at a magnitude 
comparable to that from exposure to 4 minutes of continuous light. Similar results 
were observed when the intermittent light stimulus was changed to 5 seconds lights 
on and 15 seconds of darkness per cycle. The PLR of the blind subject still displayed 
an ability to integrate light information resulting in pupillary constriction, but was 
unable to track the changes in light stimuli like the sighted individuals with functional 







Rods and cones are required to track intermittent light stimuli. The graphs 
show pupillary responses to 4 minutes of continuous and intermittent 480-
nm light at 13 log photons/cm2/s for normal-sighted individuals (graphs on 
the left, SEM in grey) and a blind individual with no rod/cone functions 
(graphs on the right). Under continuous light, both normal-sighted and blind 
individuals show sustained pupillary constriction for the duration of light 
exposure. Pupils of normal-sighted subjects were able to track changes in 
light and dark pulses (up and down deflections respectively of the black lines 
at the top of each graph), but the blind individual was unable to do so, 
although constriction was attainable after about 1 minute, suggesting ability 




Experiment 3: Intermittent light can sustain the PLR response across a long duration 
After initial maximum pupillary constriction in the PLR response to continuous 
light, the pupil re-dilates gradually in what is known as the escape phase. This may be 
a result of decreasing contribution of cones to the PLR response due to reduced 
sensitivity across time. As cones are able to dark adapt quickly, short pulses of 
darkness were introduced during long-duration light stimuli to see if cones can regain 
responsiveness between light pulses and thus sustain the PLR response. 6 participants 
were exposed to green light (543nm) at 12 log photons/cm
2
/s for 30 minutes 
continuously or intermittently over a range of frequencies (0.1 to 4Hz) (Figure 2.7). 
Grouped data from exposure to continuous green light showed that pupil diameter 
gradually recovered throughout the 30 minutes of exposure towards the baseline pre-
exposure diameter. In contrast, intermittent light was able to sustain pupillary 
constriction throughout the light exposure with minimal recovery of pupil size to 
baseline levels (see Figure 2.8A for an example using data from exposures at 1Hz). 
The rate of recovery of pupil size under continuous light is non-linear, with the 
highest rate near the start of light exposure and then decreasing with increasing light 
exposure duration. This is exhibited by the log-linear profile of pupillary recovery 










Grouped pupillary responses of normal-sighted individuals (n = 6) to 
intermittent green light across 30 minutes of light exposure at various 
frequencies. Responses to continuous green light and a black screen are 
also shown. Black traces show average pupil diameters in 30-second bins 
throughout light exposure, regardless of whether the LCD screen was 
showing black or green. Average pupil diameters for green ‘on’ pulses and 
black ‘off’ pulses exclusively are indicated by the green and grey traces 
respectively. Whereas pupillary escape was observed in continuous green 








(A) Comparison of percent pupillary constriction across time in normal-
sighted participants (n = 6) subjected to 30 minutes of continuous or 
intermittent (1Hz) green light at 12 log photons/cm2/s (grey and black traces 
respectively, with SEM). Exposure to intermittent green light elicited 
sustained pupillary constriction compared to continuous light, with percentage 
pupillary constriction more than twice in magnitude for most of the exposure 
duration. 
(B) The same data re-binned and plotted on a logarithmic time scale to show 
the non-linear rate of recovery of pupil diameter under continuous green light 
(grey trace) over 30 minutes. Intermittent (1Hz) green light at the same 





By using the median pupil diameter during each light exposure session to 
calculate a summary measure of the percentage pupillary constriction, the relative 
effectiveness among different intermittent frequencies and between continuous light 
can be compared. Figure 2.9A shows the percentage pupillary constriction across the 
light exposure frequencies tested for each of the 6 participants, with the dotted line 
showing the percentage pupillary constriction achieved by continuous light. For all 6 
subjects, intermittent light at all frequencies tested was superior to continuous light at 
evoking pupil constriction. Figure 2.9B shows the grouped data, with intermittent 
light evoking percentage pupillary constrictions of more than 50% at all frequencies 
tested, compared to about 25% by continuous light. Statistical analysis by one-way 
repeated measures ANOVA  shows that intermittent light at all frequencies tested 
were significantly better at eliciting stronger pupillary constriction than continuous 








(A) Percentage pupillary constrictions at different intermittent frequencies for 
each of the 6 normal-sighted participants of this experiment are shown (black 
trace). The median pupillary constrictions during exposure to continuous 
green light are also shown for comparison (dashed line). At all intermittent 
frequencies tested, intermittent light achieved a greater pupillary response 
than continuous light. 
(B) Group plot of the same data. Percentage pupillary constriction from 
continuous light exposure (dashed line, with SEM indicated by dotted lines) 
was about 25%. Constriction values from intermittent light (black trace, with 





The results from the First Light series of experiments provide some information 
on the relative contributions of rod/cone (classical) photoreceptors, as well as how 
targeting them can potentiate the PLR. 
In a blind participant lacking functional rods and cones but retaining non-visual 
light responses, the PLR was clearly short-wavelength sensitive, with a spectral 
profile in agreement with what would be expected if melanopsin was the only 
functional photopigment. Indeed, there was little or no PLR response to light at the 
red end of the spectrum. In contrast, the magnitude of the pupillary response in 
sighted individuals was similar across different wavelengths at the irradiance we 
tested
1
. Although the visual condition of the blind participant studied presented a 
unique opportunity to investigate non-visual light responses in the absence of 
rod/cone inputs, the flip side is that the difficulty of finding more of such participants 
presents a limitation. If we were able to study more blind subjects with intact ipRGC 
signalling, it would lend more credence to the generalisability of our data and 
conclusions. Even though the age of the blind subject (58 years) was much older than 
that of the sighted subjects, the percentage pupillary constriction at 480nm was 
72.55% versus 77.47 ± 4.76% respectively, suggesting that any difference as a result 
of chronological age is minimal and not significantly confounding to the conclusions 
drawn. In addition, percentage pupillary constriction is determined relative to the 
baseline dark-adapted pupil size of each individual participant. Previous studies 
(Birren et al., 1950; Daneault et al., 2012) reported that even though older individuals 
                                               
1  We acknowledge that a p-value of 0.088 in the context of only 4 participants (each sampled 
twice) may point to an effect of light wavelength on the PLR response. Even so, this does not detract 




have smaller pupil sizes, the relative steady-state pupillary constriction is not 
significantly different across age groups. Therefore, it is reasonable to attribute the 
relative differences in the PLR response between the blind and sighted subjects to 
contributions from rods and cones. What is perhaps notable is the fact that red light 
(620nm) was very effective at driving the PLR (82.57 ± 2.93% constriction) in our 
subjects, whereas previous studies described weak steady-state responses to long-
wavelength light (Bouma, 1962; Alexandridis and Koeppe, 1969; Mure et al., 2009). 
However, our subjects were only studied at one irradiance level of 13 log 
photons/cm
2
/s, so the spectral response of the PLR at other irradiance levels may be 
different. Nevertheless, this result opens the possibility that red light may be effective 
at driving other non-visual responses (e.g., circadian phase shifting) by targeting 
cones (Zeitzer et al., 1997). However, exposure to long-wavelength light for long 
durations is clearly not as effective as short-wavelength light at resetting circadian 
rhythms or suppressing melatonin levels (Brainard et al., 2001; Thapan et al., 2001; 
Lockley et al., 2003; Cajochen et al., 2005). 
When exposed to intermittent light stimuli, the blind subject’s pupil was clearly 
unable to follow the cycle of light and darkness. Constriction started after the second 
light pulse, reaching a steady level about a minute into the exposure, at a size similar 
to that achieved under continuous light. This can be explained by the comparatively 
slower and more sustained kinetics of melanopsin. In contrast, the sighted 
participants’ pupils were able to constrict and dilate in phase with the pulses of light 
and darkness. This bears similarity to an in vitro electrophysiologic study in rat 
ipRGCs, where exposure to an intermittent (1 second on, 2 seconds off) light stimulus 
elicited a fast depolarising event with each light pulse (Wong et al., 2007). However, 
when rod/cone inputs to the ipRGCs were blocked synaptically, leaving the intrinsic 
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melanopsin response, only a sustained depolarisation was observed. Taken together, 
this suggests a role for rod/cone photoreceptors in encoding rapid changes in light 
intensity. Throughout the duration of light exposure, the maximum pupillary 
constriction elicited by each successive light pulse was comparable, suggesting that 
when rods and cones are given the opportunity to dark adapt during the intervening 
periods of darkness, the magnitude of the PLR response can be maintained across the 
duration of the light exposure. 
Previous studies on the PLR have tended to use light exposures of a shorter 
duration (Alpern and Campbell, 1962; Gamlin et al., 2007; Young and Kimura, 2008) 
and it is thus no surprise the prevalent view was that pupil diameter would reach a 
steady-state size within a minute or less. A subsequent study (Mure et al., 2009) 
recognised this deficiency and investigated the PLR using light exposures of 5 
minutes in duration. They found that pupil diameter continues to recover well beyond 
a minute and concluded that steady-state size is only achieved after about 3 minutes of 
light exposure. However, this conclusion may possibly suffer from the same weakness 
that befell the Maginot Line
2
: its underlying reasoning was sound but it did not go 
long enough. In our experiments, sighted participants show slow but continuous 
recovery of the pupil diameter towards the baseline size for at least 30 minutes, the 
duration of the light exposures we used with the LCD screen. As the rate of pupil 
diameter recovery is highest during the beginning of light exposure and then 
decreases with increasing time, pupil diameter may appear to reach a steady state in 
the context of smaller time scales. 
                                               
2  Still fresh with the memories of being invaded by the Germans in World War I, the French 
constructed an extensive line of fortifications named after their War Minister, determined to deter 
future incursions. The Maginot Line was indeed impressive and strong, so during World War II, the 
Germans went around it instead…and invaded France. Again. 
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For our LCD screen setup, as the transition between green light and darkness is 
abrupt, the light exposures are in the form of square waves. The results of exposure to 
intermittent light from 0.1 to 4Hz show that it was possible to inhibit pupillary escape 
and maintain sustained pupillary constriction (for at least 30 minutes) at a magnitude 
greater than that under continuous light. This agrees with findings from other studies 
using intermittent light (Varjú, 1964; Troelstra, 1968; Clarke et al., 2003) reporting 
maximal pupillary constriction in the range of 0.2 to 5Hz, although they used 
sinusoidal waves of much shorter duration (ranging from seconds to a couple of 
minutes). As suggested by Varjú (1964), this bears similarity to the Brücke-Bartley 
effect of subjective brightness enhancement by flickering lights. As the frequency of 
flashing lights is gradually increased, there comes a point called the critical flicker 
frequency where the eye can no longer discern the intermittent light stimulus as 
distinct pulses of light and darkness, but instead perceives it as though a continuous 
light stimulus was presented. Bartley (1939) built upon the findings of Brücke and 
described how a flickering light stimulus below critical flicker frequency can 
subjectively appear to be brighter than the same light presented uniformly across time, 
with the maximum perceived brightness at a flashing frequency between 8 to 10Hz. In 
addition, the spectral sensitivity of brightness enhancement matches the photopic 
luminosity function (Walters and Harwerth, 1978), suggesting that brightness 
enhancement and increased pupillary constriction under high-frequency intermittent 
light are mediated by cones. As seen in Figure 2.9A, there exist inter-individual 
differences in the magnitude and relative response across flashing frequencies. The 
underlying cause(s) may be due to differences at the level of the photoreceptors (e.g., 
different sensitivities, different absolute cone numbers or ratio), or the afferent or 
efferent arms of the neurological pathway mediating the PLR. Nevertheless, our 
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observation of the effect of intermittent light on the PLR response was robust across 
all participants at all frequencies tested. Finally, if intermittent light exposure elicits a 
greater response in the PLR by restoring responsiveness of cones through dark 
adaptation, this could potentially be applied to other non-visual responses that show 
decays in the rod/cone contribution over time (Mrosovsky and Hattar, 2003; Dkhissi-
Benyahya et al., 2007; Gooley et al., 2010).  
Conclusion 
The First Light experiments have suggested the following with regard to the 
impact of classical photoreceptors (rods and cones) on the PLR: 
1. that rods and/or cones are able to elicit strong PLR responses to continuous 
light as demonstrated by exposure to wavelengths of light far from the 
melanopsin peak; 
2. that rods and/or cones are required for encoding fast modulations in light 
intensity; and 
3. that given the opportunity to dark-adapt by inserting dark pulses in a light 
stimulus, rods and/or cones can maintain sustained PLR responses over 
long durations. 
Since ipRGCs project to the olivary pretectal nuclei (OPT) and the 
suprachiasmatic nuclei (SCN), it is reasonable to hypothesise that light stimuli 
targeting rods and cones resulting in sustained PLR responses may also have the same 
effect on circadian phase shifting and melatonin suppression. This is supported by 
studies in rats demonstrating that melanopsin cells that project to the SCN send axon 
collaterals to the OPT (Gooley et al., 2003). By comparison, in mice, ipRGCs that 
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project to the SCN and OPT may represent separate subpopulations (Chen et al., 
2011). Nonetheless, the PLR in humans might be a useful model system for assessing 
the integrity and response characteristics of other non-visual light responses. With this 
in mind, an experiment was designed to test the efficacy of intermittent red light on 
circadian phase shifting and melatonin suppression. This experiment and its results 




Chapter 3: Effects of Exposure to Intermittent Red 
Light on Non-visual Responses 
Introduction 
As discussed in Chapter 1, the human eye not only fulfils visual functions 
(encoding light intensity, contrast, and their changes to represent the physical world) 
but also regulates non-visual (also called non-image forming) functions. These non-
visual functions include entrainment and resetting of the circadian cycle, melatonin 
suppression, and the pupillary light reflex (PLR). The study of circadian phase 
shifting is especially relevant in the modern world, where new lifestyle choices, 
conveniences, and work opportunities have side-effects on well-being and safety, 
either as a result of sleep restriction or circadian misalignment. High-speed air travel 
results in the phenomenon of jet-lag where the endogenous circadian rhythm becomes 
out of phase with the external cycle of light and darkness, impacting mood, 
performance, and perhaps even health (Cho K, 2001). The advent of electrical lighting 
has altered our natural exposure to light and millions of people unknowingly shift 
their body clock as a result of this modern convenience (Stevens et al., 2007). We not 
only work hard, but play hard, creating what researchers have called “social jet-lag”, 
where our sleep-wake durations and timings on workdays differ from those on days 
off (Wittmann et al., 2006; Roenneberg et al., 2012). The demands of a fast-paced 
lifestyle and globalisation have increased the prevalence of shift work, where people 
find themselves needing to function at sub-optimal times in their circadian cycle, 
raising serious safety and health issues (Åkerstedt et al., 1984; Åkerstedt, 1988; Vener 
et al., 1989; Hansen, 2001; Spiegel et al., 2005). Understanding how we can shift the 
circadian rhythm to be in sync with the environment is therefore a matter of much 
benefit and importance. 
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Progress has been made at understanding the effects of light on human circadian 
physiology. The time point at which the light stimulus is given determines the 
magnitude and direction of circadian phase shifting. A single light pulse in the early 
part of the night results in a phase delay, whereas the same exposure in the morning 
results in a phase advance (Khalsa et al., 2003). The effects of the intensity, duration, 
and spectral content of light exposure have also been studied. The degree of circadian 
phase shifting and melatonin suppression increases with increasing light intensity but 
in a non-linear fashion, with minimal responses below 100 lux and saturating 
responses above 1000 lux (Zeitzer et al., 2000). Unsurprisingly, light exposures of 
longer duration increase phase shifting and melatonin suppression. However, the 
effect is dose-dependent and non-linear, with shorter-duration exposures being more 
efficient on a basis of response per unit time exposed (Chang et al., 2012; St. Hilaire 
et al., 2012). For high-irradiance exposures, narrow-bandwidth blue light targeting the 
peak sensitivity of melanopsin is more effective at phase shifting and melatonin 
suppression than green light targeting the photopic peak (Lockley et al., 2003). Even 
though non-visual responses are short-wavelength sensitive, this does not rule out 
contributions from classical photoreceptors (rods and cones). The likelihood that 
melanopsin does not exclusively mediate non-visual responses is supported by 
experiments comparing continuous light exposures targeting melanopsin versus the 
three-cone photopic system, where green light was equally effective at suppressing 
melatonin albeit only at the beginning of light exposures (Gooley et al., 2010). 
Previous human studies looking at the effects of intermittent exposure to bright 
white light on circadian resetting (Kronauer et al., 1999 and 2000; Rimmer et al., 
2000; Gronfier et al., 2004) and melatonin suppression (Gronfier et al., 2002) have 
shown greater efficiency (response magnitude relative to duration of light exposure) 
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compared with continuous exposure. For example, a study investigating intermittent 
light compared 5-hour exposures to a 46-minute on/44-minute off, a 5.3-minute 
on/19.7-minute off, and a continuously on stimulus on the effects of circadian phase 
shifting in humans (Rimmer et al., 2000). The total duration of exposure to bright 
light within each 5-hour period was thus 63%, 31%, and 100% respectively. The 
group receiving 63% and 31% of bright light achieved a response about 88% and 70% 
respectively of that achieved by the 100% group, showing a non-linear relationship 
between exposure duration and efficacy. In another human study, an intermittent 15-
minute bright light/60-minute dim light stimulus was compared with a continuous 
bright light stimulus and a continuous dim light stimulus in achieving circadian phase 
shifting (Gronfier et al., 2004). Even though the intermittent exposure consisted of 
bright light equivalent in duration to 23% of the continuous bright light stimulus, it 
was able to achieve about 75% of the response of the latter. Therefore intermittent 
light exposure would seem to have a greater efficacy in non-visual responses than 
continuous light on a per unit time basis. In human studies of prior photic history 
before a light stimulus, subjects kept in dim light for a day before exposure to room 
light demonstrated an increase in melatonin suppression (Smith et al., 2004) and 
circadian phase shifting (Chang et al., 2011) compared to those kept in room light. 
These show that prior exposure to light or darkness affects non-visual responses, 
reflecting characteristics of adaptation in photoreceptors. It is conceivable that 
classical photoreceptors may explain these results because periods of darkness allow 
them to dark adapt and thus maintain sensitivity to the subsequent light periods. The 
results of the First Light experiments described in Chapter 2 are supportive of this 
hypothesis, if the PLR and circadian phase shifting are reflective of each other. 
Intrinsically photosensitive retinal ganglion cells (ipRGCs) also receive synaptic 
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inputs from rods and cones (Belenky et al., 2003b; Dacey et al., 2005; Wong et al., 
2007) so interventions that maximise rod/cone responses may lead to additive or even 
synergistic effects compared with targeting melanopsin alone. Interestingly, a study 
found that rat ipRGCs under synaptic blockade from rod/cone inputs also exhibit light 
and dark adaptation (Wong et al., 2005), with slower adaptation kinetics of 
repolarisation than rods and cones. Whether this is similar in humans or how this 
influences behavioural responses is still unclear. 
To investigate the efficacy of intermittent light on circadian phase shifting and 
melatonin suppression, we designed and conducted an experiment which I named 
TWInCLE (Targeted Wavelength Intermittent-Constant Light Exposure). As shown 
in Chapter 2, long-wavelength light displayed a significantly large relative sensitivity 
in sighted individuals compared with a blind subject with no functional rods and 
cones. We therefore chose to use red light to preferentially target cones, and 
hypothesised that intermittent red light will induce larger circadian phase shifts and 
melatonin suppression than continuous red light. At first glance, this may seem 
counter-intuitive since one may expect that greater pupillary constriction from 
intermittent light exposure would result in less light received by the retina. However, 
it has to be borne in mind that pupil size is probably not the most important factor in 
the relationship between light exposure and magnitude of circadian resetting. In a 
human study investigating pupil size and melatonin suppression (Gaddy et al., 1993), 
no linear relationship was observed between theoretical retinal illuminance and the 
magnitude of melatonin suppression. Of special note in the same study as well is that 
among the different illuminance levels tested, there was no statistically significant 
difference in the degree of melatonin suppression between normal and 
pharmacologically dilated pupils at the lowest illuminance level tested at 50 lux.  
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As a positive control for our experiment, we also exposed a group of participants 
to continuous polychromatic bright light, which should induce maximal responses in 
circadian phase shifting and melatonin suppression. 
Methods 
Subjects 
24 healthy young male ethnic Chinese adult (23.79 ± 1.74 years; mean ± SD) non-
smokers with no chronic medical conditions participated in the study. As part of 
screening, they were scored on the Morningness-Eveningness Questionnaire (MEQ) 
and the Pittsburgh Sleep Quality Index (PSQI) to exclude extreme chronotypes and 
those with poor sleep quality in the month prior to the study. Ishihara’s test was also 
administered to screen out colour-blind individuals. Additional eligibility criteria 
included no history of shift work and no travel across time zones in the 3 weeks 
preceding the study. Participants were required to keep to a regular sleep-wake 
schedule (8 hours of time-in-bed for sleep daily with a constant self-selected bedtime 
of 11pm, midnight, or 1am) one week before the study, verified by a self-reported 
sleep-wake diary and wrist actigraphy (Actiwatch-L or Actiwatch 2, 
Philips/Respironics, Bend, Oregon). The difference in distribution of participant 
bedtimes between the 3 intervention groups (see Light Exposure below) was not 
statistically significant (p = 0.813 by the Freeman-Halton extension of Fisher’s exact 
test). They were also instructed to abstain from caffeine, alcohol, nicotine, and 
soporific or sedating medications for one week prior to study commencement. 
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Written informed consent was obtained from all participants and all experimental 
procedures were approved by the Centralised Institutional Review Board (Singhealth, 
Singapore). 
Protocol 
Participants stayed in a research suite at the Chronobiology and Sleep Laboratory 
at the Singapore General Hospital for the full duration of the study (6 calendar days). 
Each research suite is constructed as a time-free environment without any windows, 
timepieces, or any device that can help the participants tell time. To prevent 
participants from knowing the exact time-of-day, they were also required to surrender 
their mobile phones, watches, and any other devices that can be utilised to tell time, 
for safekeeping until they left the study. 
Figure 3.1 shows a diagrammatic representation of the study protocol. 
Participants checked in on Day One 8 hours before their habitual bedtime and were 
oriented to the study environment and procedures before going to sleep at their 
habitual bedtime. After an 8-hour sleep opportunity, participants awoke on Day Two 
to the start of a 26-hour constant routine (CR) procedure. During the CR procedure, 
the head of the bed was raised to a 45-degree angle to place participants in a semi-
recumbent position and they were instructed to remain in bed for the duration of the 
CR procedure. Ambient lighting was kept dim (<5 lux) to avoid circadian phase 
resetting. Staff members were on hand around the clock to ensure that participants 
stayed awake throughout the CR procedure, serve snacks, and to collect biological 
specimens. To prevent irregular effects of meal consumption on body temperature and 
to prevent meals from being an indirect time cue, participants were given equicaloric 




On Day Three, participants underwent a 6-hour light exposure (LE) procedure 
timed to commence one hour before their habitual sleep time, and were randomised to 
receive bright white, continuous red, or intermittent red light (details provided below). 
They remained seated throughout the LE procedure. After 16 hours of being awake, 
they were once again given an 8-hour sleep opportunity. 
Upon waking on the evening of Day Four, participants underwent a second 26-
hour CR procedure (identical to the first one), at the end of which, they were given a 
12-hour recovery sleep period. This was followed by discharge from the study on the 
morning of Day Six.  
 
Figure 3.1 
Diagram showing the study protocol. The light exposure day is 
flanked by two 26-hour constant routine procedures. Light exposure 
(to continuous red, intermittent red, or bright white light) is timed to 





The 6-hour LE procedure comprised 6 cycles of a 50-minute fixed gaze period 
and a 10-minute free gaze period. During the fixed gaze period of each cycle, 
participants wore a pupillometric ocular tracking device and were instructed to look 
ahead at a target. During the free gaze period, they were allowed to remove the device 
and to look wherever they chose. Light intensity was measured and adjusted before 
the procedure and during each free gaze period using a photometer (ILT1400 or 
ILT1700, International Light Technologies, Peabody, Massachusetts) placed at the 
level of the eye directed towards the fixation target. Target irradiances were 13 log 
photons/cm
2
/s and 2500 lux for red and white light exposures respectively. 
Monochromatic 631-nm red light (<5nm half-peak bandwidth) was delivered via a 
modified Ganzfeld dome to ensure even illumination throughout the whole visual 
field, with a light-emitting diode (LED) as the light source (Nichia Corporation, 
Tokushima, Japan). Intermittent light exposure was achieved utilizing an electronic 
function generator (Keithley Instruments Inc., Cleveland, Ohio). Due to the oscillating 
frequency being limited to a minimum step of 0.001Hz, intermittent pulses were 
delivered at a frequency of 0.008Hz (62.5s on, 62.5s off), approximating a 1-minute 
on/off pattern.  
Polychromatic bright white light was delivered via a wall-mounted light panel 
consisting of fluorescent light tubes (Lumilux Cool White (colour temperature 
4000K), Osram, Munich, Germany) behind a frosted glass surface.  
Figure 3.2 shows the spectral compositions of the two types of light sources used 





Spectral compositions of (A) red light emitted by the LED (peak 
wavelength = 631nm) and (B) polychromatic white light at 2500 lux as the 
positive control condition. 
Pupillometry 
Mono-ocular pupil measurements were obtained using an infrared emitter and 
camera mounted on a headband, digitised, and then processed on a PC-based system 
(ISCAN Inc., Woburn, Massachusetts). Data collection was at a rate of 120 samples 
per second. 
Temperature 
Core body temperature (CBT) was collected continuously using a VitalSense 
temperature sensor/transmitter in the form of a disposable pill that participants 
ingested at bedtime prior to each CR procedure. Forehead skin temperature (FST) was 
also collected using a VitalSense temperature sensor/transmitter but in the form of an 
adhesive patch applied to the forehead of participants at the start of each CR 
procedure
3
. Temperature data were monitored and collected wirelessly by a 
                                                             
3 FST was included initially as a backup measure to mitigate unexpected data loss from CBT. In 
previous pilot studies we conducted, we found FST a reliable adjunct circadian temperature marker 




VitalSense Integrated Physiologic Monitor (Mini Mitter Inc., Bend, Oregon) placed 
near the participant. 
Melatonin and cortisol 
Saliva samples were collected hourly (10-minute mark on the hour) during both 
CR procedures; and twice hourly (25-minute and 50-minute marks on the hour) 
during the LE day, using a Salivette collection system. Samples were immediately 
centrifuged and aliquoted after each collection for storage in a freezer until assayed. 
Salivary melatonin (Mlt) and cortisol (Cort) concentrations were determined by 
ELISA (IBL International GmbH, Hamburg, Germany; and NovaTec 
Immundiagnostica GmbH, Dietzenbach, Germany respectively). 
Heart rate 
The electrocardiogram (ECG) was recorded continuously with a single-channel 
modified V5 lead and heart rate (HR) determined by R-R intervals derived from 
automatic QRS peak detection using a Hilbert transform-based method (Benitez et al., 
2001). The resulting HR data were compared with raw ECG traces manually to 
remove artefacts due to excessive movement or poor contact. 
Data analysis 
For phase assessment, data from all 5 physiological phase markers (CBT, FST, 
Mlt, Cort, and HR) from each CR procedure were fitted using a non-linear least-
squares n-harmonic analysis (Brown and Czeisler, 1992). To reduce data noise, FST 
data were binned at hourly intervals, and HR data were binned at 10-minute intervals. 
Time points for phase markers were calculated based on the minima of 2-harmonic 
regressions for CBT, FST, and HR; the maximum of a 2-harmonic regression for 
Cort; and the maximum of a 3-harmonic regression for Mlt. To look at grouped data, 
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all 5 physiologic markers from each CR procedure were binned in one-hour intervals 
from time since wake, and then Z-scored to adjust for individual differences. The Z-
scores were then averaged within each group. Similarly, salivary melatonin data on 
the LE day were adjusted using the Z-scores of their respective values obtained during 
the first CR procedure (CR1) in order to permit meaningful analysis.  
FST data from 1 participant were not available due to data acquisition problems 
with a forehead skin temperature patch.  Physiologic data that did not show any 
rhythmicity were excluded in phase shift analysis. As a result, Mlt, Cort, and HR data 
from 3, 1, and 3 individuals respectively were excluded. 2 more individuals were 
excluded in the melatonin suppression analysis because their salivary melatonin levels 
during the LE day were beyond the bounds of the calibration curve of the assay. Due 
to the fact that there were three possible habitual bedtimes depending on the 
preference of individual participants, analyses are presented in terms of Relative 
Clock Time (RCT), with all time points adjusted such that the habitual bedtimes of 
each individual were standardized as midnight in RCT. 
Pupillometric data were processed to remove artefacts (including blinks) and 
binned at intervals of 15.625s (one-quarter of an intermittent lights-on pulse). To 
adjust for individual differences in the dynamic range of the pupil, pupil size values 
are expressed as the percentage diameter compared to the pupillary diameter of each 
participant’s fully dilated pupil in complete darkness. The resulting data were then 
averaged within each group. 
Statistical analyses were performed using one-way ANOVA or ANOVA on ranks 
using SigmaPlot 11 (Systat Software Inc., San Jose, California) with the LE condition 




Our results and analyses looked at the relative performance of intermittent red 
light versus continuous red light on three different non-visual light responses: 
circadian phase shifting, melatonin suppression, and the PLR. The group exposed to 
bright white light acted as a positive control as such exposure has been shown to drive 
strong responses in the non-visual light functions we analysed. 
Circadian phase shifting 
To measure circadian phase shift magnitudes, we used 5 different physiological 
markers (CBT, FST, Mlt, Cort, and HR). Figure 3.3 shows the group profiles, giving 
an overview of how the 5 physiological markers we analysed varied across each CR 
procedure under the three different LE conditions studied. As expected of the positive 
control condition, the group profiles for CR2 (second CR procedure, in grey) in the 
bright white light group were noticeably shifted later in time compared to their 
profiles for CR1 (first CR procedure, in black), indicating a phase delay.  In contrast, 
the CR1 and CR2 group profiles in the continuous and intermittent red light 
conditions overlap substantially, reflecting minimal phase shifts under those LE 






Group profiles of circadian phase shifts induced by continuous red, intermittent 
red, and bright white light measured by 5 different physiological methods (CBT, 
FST, Mlt, Cort, and HR). Data from CR1 and CR2 are indicated by black and 
grey traces respectively (with SEM) and double-plotted for clarity. Data from all 
phase markers were Z-scored and plotted against relative clock time, where 
habitual bedtime was assigned as midnight. Shaded regions indicate the 
habitual hours of time spent in bed for sleep during the week preceding the 





Figure 3.4 provides a perspective on this by plotting the reference time points of 
each physiological phase marker from each participant in CR1 and CR2. As a visual 
aid, we have connected the participants’ respective CR1 and CR2 reference time 
points with straight lines. Therefore, the larger the phase shift measured by a 
physiological marker, the greater the gradient of the line, with the direction of the line 
indicating phase advances or delays. Despite individual variations within each LE 
condition, all participants in the bright white light group demonstrated distinct phase 
delays compared to both red light groups. Figure 3.5 graphically summarises the 
magnitude and direction of phase shifting measured by each participant’s 
physiological markers. By convention, negative values are phase delays. There were 
no statistically significant differences in participants’ phase angles measured in CR1 
between the 3 light exposure groups after multiple pairwise comparisons by one-way 
ANOVA. 







Circadian phase markers of each individual participant, grouped by light 
exposure condition and physiological method of measurement. Time 
points plotted correspond to maxima or minima (indicated next to 
physiological marker labels) of the harmonic-regressed profiles of each 
phase measure. The gradient of the connecting lines give an indication of 
the direction and magnitude of phase shifts recorded, showing  increasing 
shift magnitudes with increasing angle from the vertical, and lines sloping 
down and to the right indicating phase delays. Shaded regions indicate 
the habitual hours of time spent in bed for sleep during the week 
preceding the study. Even though lines of greatest slopes were found in 
the bright white light group, there was substantial variability within groups, 











Magnitude of circadian phase shifts compared 
across light exposure conditions. 
(A) Mean phase shifts (with SEM) for each 
light exposure condition as measured by each 
physiological method. Each method yields 
different values from one another but they all 
show significant phase shifts for the bright 
white light group compared to the red light 
groups. 
(B) Each plotted point corresponds to the 
phase shift calculated by the physiological 
method indicated for an individual participant. 
Horizontal black bars correspond to the 
average aggregate phase shift (simple 
average of phase shifts from all methods in 
each participant) in the respective light 
exposure groups, with their numerical values 
indicated at the top of the graph. At the group 
level, both types of red light exposure 
produced similar phase shifts that were lesser 




Circadian phase shift responses (h ± SEM) 






Core body temperature -1.24 ± 0.48 -0.48 ± 0.38 -2.82 ± 0.32 *† 
Forehead skin temperature -0.33 ± 0.41 -0.37 ± 0.33 -2.10 ± 0.45 *† 
Salivary melatonin  -0.68 ± 0.54 -0.80 ± 0.37 -2.83 ± 0.29 *† 
Salivary cortisol -1.55 ± 0.45 -0.54 ± 0.55 -2.69 ± 0.66 *† 
Heart rate -0.41 ± 0.45 -1.23 ± 0.88     -2.53 ± 0.47 
* 
Aggregate -0.92 ± 0.29 -0.73 ± 0.49 -2.64 ± 0.28 *† 
 
Table 3.1 
Circadian phase shifts after exposure to continuous red, 
intermittent red, or bright white light, measured by 5 
different physiological markers. Values shown are means ± 
SEM. Phase shift values denoted as ‘aggregate’ are 
derived by taking the simple average (equal weighting) of 
all 5 measurements (i.e., Aggregate phase shift = (Sum of 
phase shifts calculated using CBT, FST, Mlt, Cort, and HR) 
÷ 5). Asterisks (*) indicate significant differences between 
bright white light and continuous red light. Daggers (†) 
indicate significant differences between bright white light 
and intermittent red light. Statistical significance was set at 
the 5% level. 
 
Bright white light elicited phase delays in all participants, whereas shifts from red 
light exposure were more equivocal. Mean phase shift responses measured by each 
physiological marker ranged from -0.33 to -1.55 hours in the continuous red light 
group, from -0.37 to -1.23 hours in the intermittent red light group, and from -2.10 to 
-2.83 hours in the bright white light group. Statistical analyses revealed that phase 
shift responses from bright white light were significantly different from continuous 
red light as measured by CBT, FST, Mlt, and HR (p = 0.021, 0.016, and 0.005 for 
CBT, FST, and Mlt using one-way ANOVA; p < 0.05 for HR using ANOVA on 
ranks); and were significantly different from intermittent red light as measured by 
CBT, FST, Mlt, and Cort (p = 0.001, 0.015, 0.006, and 0.039 respectively using one-
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way ANOVA). In all 5 physiological measures, there were no statistically significant 
differences between phase shift responses from continuous and intermittent red light 
(p = 0.197, 0.949, 0.844, and 0.200 for CBT, FST, Mlt, and Cort using one-way 
ANOVA; p ≥ 0.05 for HR using ANOVA on ranks). Looking at all physiological 
markers combined also leads to results indicating that intermittent red light was no 
better than continuous red light at circadian phase shifting. Aggregate phase shifts for 
each participant were calculated by averaging phase shifts from each method of 
measurement. The average of all aggregate phase shift responses gave a phase shift of 
-2.64 hours by bright white light, significantly different from both values of -0.92 and 
-0.73 hours by continuous and intermittent red light respectively. Both red light 
conditions showed no statistically significant differences in phase shift responses 
between each other. Even so, in some individuals, they elicited phase delays 
comparable in magnitude to those from bright white light. Example profiles from 
these “large-shifters” from the continuous and intermittent red light groups are shown 
in Figure 3.6, alongside their “minimal-shifters” counterparts. 
Melatonin suppression 
The results for melatonin suppression were similar to that obtained for circadian 
phase shifting. Figure 3.7 shows the group profiles of salivary melatonin levels from 
the LE day (in grey) compared to those from CR1 (in black). Bright white light 
resulted in pronounced suppression of melatonin (60 ± 10%, p < 0.001 by pairwise 
comparison with both continuous and intermittent red light after one-way ANOVA) 
throughout the duration of light exposure (area between dotted vertical lines). Neither 
the continuous nor intermittent red light groups showed any evidence of melatonin 
suppression (-24 ± 11% for continuous, -23 ± 19% for intermittent, p = 0.971 by 




Substantial differences in phase shifts were observed within light exposure 
groups. These representative plots show examples of participants with large 
phase shifts after exposure to continuous or intermittent red light, along with 
participants with small phase shifts for comparison. Data plotted are the core 
body temperature (CBT) profiles in CR1 (black trace) and CR2 (grey trace). 
Vertical black and grey lines mark the fitted troughs of the CR1 and CR2 CBT 
profiles respectively. The distance between each pair of vertical lines is the 
magnitude of phase shift measured using CBT, numerically indicated at the 
top of each graph. 
 
Figure 3.7 
Grouped melatonin profiles of participants in each light exposure group. Black 
traces are average Z-scored salivary melatonin profiles (with SEM) in CR1, and 
grey traces are the average Z-scored profiles from the light exposure day. 
Vertical dotted lines mark the onset and offset of light exposure. Our study 
participants are clearly capable of photic melatonin suppression as seen in the 
bright white light positive control group. However, no signs of melatonin 
suppression were observed in the red light groups. 
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Pupillary light reflex 
Our analysis of results of the experiment on the PLR showed that, over time, 
intermittent red light elicited stronger pupillary constriction than continuous red light. 
Group profiles of the pupil diameter during the first 50 minutes of light exposure, 
expressed as a percentage of the baseline pupil diameter in the dark, are shown in 
Figure 3.8. Not surprisingly, the pupil remained constricted throughout bright white 
light exposure. This was at approximately 35% (of the dark pupil size), which is an 
indication of the minimal pupil size achievable through light stimulation. Both 
continuous and intermittent red light resulted in initial pupil sizes of approximately 
55% at the onset of light exposure. While the oscillating profile in the intermittent red 
light group is expected as the pupil size tracks the pattern of light and darkness during 
exposure to the stimulus, pupil size during each light pulses remained around 55%. 
This is in contrast to the continuous red light group, which displayed a gradual 
increase in pupil size over time (pupillary escape). 
 
Figure 3.8 
Pupillary light responses to the different light exposure conditions. Black 
traces show the group-averaged time course of pupil diameter during the 
first 50 minutes of light exposure, expressed as a percentage of the pupil 
diameter in total darkness (SEM in grey). Pupillary constriction of 35% at 
sustained levels observed in the bright white light group provides an 
indication of the maximum level achievable. Both continuous and 
intermittent red light achieved similar constriction levels of about 55% 
initially. Intermittent red light was able to continue constricting the pupil to 
approximately this level at the onset of each light pulse, but pupillary 
escape (dilation towards baseline size) was observed in the continuous 




The timing of light exposures in the biological night was selected in order to target 
the portion of the phase response curve to light (Khalsa et al., 2003) that would result 
in maximal phase delays. Even so, the effects of light on the PLR response in this 
experiment are similar to our previous one (First Light, see Chapter 2) which used 
daytime exposures of green light targeting the peak of the three-cone photopic visual 
system. Participants’ pupils under continuous red light at an irradiance level of 13 log 
photons/cm
2
/s continued dilating towards the baseline size across the light exposure 
for at least 50 minutes, echoing our previous finding that the pupil takes much longer 
to reach a steady-state size than formerly assumed. For the intermittent red light 
exposure, however, each light pulse elicited a response that was similar to the one that 
preceded it (i.e., the pupils did not dilate toward baseline), presumably because the 
pulses of darkness allowed dark adaptation of rod/cone photoreceptors and thus 
potentiated the PLR response. At the time we designed this experiment, it was thought 
that rod photoreceptors were fully saturated and thus not functional at photopic light 
intensities. In light of recent evidence in mice that rods may signal through cones at 
high light intensities, we are not able to definitively conclude that the effect we 
observed in the PLR response to intermittent red light is driven by cones (Altimus et 
al., 2010). Studies in humans with rod monochromacy, who have no cone cell activity 
on electroretinography, may help clarify this but as the prevalence of this condition in 
the general population is very low, it presents additional difficulties. The PLR 
response to bright white light was strong, sustained, and did not show any recovery 
throughout the duration of light exposure, similar to the melatonin suppression profile 
under the same conditions. 
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We hypothesised that intermittent red light would be superior to continuous red 
light at driving circadian phase shifting and melatonin suppression, largely 
encouraged by our findings on the PLR response. Our results surprised us on two 
counts. True to our expectations, the continuous red light group showed no evidence 
of melatonin suppression and only modest delays of circadian phase. However, the 
intermittent red light group also showed no signs of melatonin suppression and was 
not significantly different from the continuous group with regard to the circadian 
phase shifting response. In general, individuals within each of the three light exposure 
groups had substantial differences in phase shift response from one another. For 
example, while the mean aggregate phase delay in the white light group was 2.64 
hours, individual aggregate phase delays ranged from 1.66 to 3.93 hours. In addition, 
when we examined individual responses within both red light groups, we found that 
some individuals exhibited phase delay shifts that were comparable in magnitude to 
those elicited in participants exposed to bright white light (up to 2.26 and 3.77 hours 
for the continuous and intermittent red light groups respectively). Interestingly, these 
individuals did not show any melatonin suppression during red light exposure. Our 
results may not be inconsistent with the current literature however. Human subjects 
exposed to red light for 5 hours per day over the course of three days showed 
circadian phase resetting, suggesting a role for cone photoreceptors (Zeitzer et al., 
1997)
4
. An action spectrum for melatonin suppression in humans using 90-minute 
light exposures showed very weak sensitivity to 600-nm light (Brainard et al., 2001). 
The same group subsequently performed light exposures on hamsters and humans, 
and showed that melatonin suppression in hamsters by long-wavelength light was 
possible if the intensity was high enough (~ 15 log photons/cm
2
/s for 600-nm light 
                                                             
4
 Zeitzer et al. used moderately bright red light of 220 photopic lux. In comparison, our 
monochromatic red light at 13 log photons/cm
2
/s translates to an illuminance of approximately 6 lux. 
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and ~ 17 log photons/cm
2
/s for 640-nm light). Even so, this result did not translate to 
humans, who showed no significant melatonin suppression to 630-nm light even at an 
irradiance of ~18 log photons/cm
2
/s (Hanifin et al., 2006). What we may be seeing 
when we look at results of responses in melatonin suppression, circadian phase 
shifting, and the PLR in totality is that the sensitivity thresholds for each non-visual 
response are different. We observed pupillary responses to red light in all our subjects 
yet found signs of melatonin suppression in none of them. Circadian phase shifts, on 
the other hand, were somewhere between those two extremes with some subjects 
displaying large shifts and others showing no effects to red light at all. Inter-
individual differences in phase shifts were comparable to those in another human 
study (Lockley et al., 2003). The underlying reasons for the observed individual 
differences in phase shifts within each light exposure condition are not immediately 
apparent but may be a result of inherent individual differences in sensitivity to light, 
differences in phase angle at the time of light exposure, or may arise from 
uncertainties from experimental measurements or curve fitting during analysis. 
In a study published while the TWInCLE project was in progress, intermittent red 
light exposure on mice genetically engineered to express the human long-wavelength 
opsin enhanced circadian phase shifting compared with continuous red light (Lall et 
al., 2010). Given the parallels in the experimental paradigm, especially with respect to 
the transgenic expression of a human cone opsin, we can only conclude that the 
results in mice do not translate to humans, at least not in young healthy males. By 
examining the results in the bright white light group, we were reassured that our study 
participants were capable of phase resetting and that our experimental protocol was 
sound. The bright white light group showed phase shifts comparable to what was 
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previously reported when light exposure is delivered in the biological night (Zeitzer et 
al., 2000; Khalsa et al., 2003).  
Recent bodies of work have shown that ipRGCs are not a uniform population of 
cells, but may instead comprise up to at least five different subtypes with differences 
in size, dendritic field area, dendritic stratification location, membrane properties, and 
physiological responses to light (Baver et al., 2008; Schmidt and Kofuji, 2009 and 
2011; Berson et al., 2010; Ecker et al., 2010). While the functional properties and 
significance of these subtypes have yet to be fully elucidated, studies on the effects of 
light on non-visual responses are attributable to the M1 subtype, which project to the 
suprachiasmatic nuclei (SCN) regulating circadian photoentrainment and the shell of 
the olivary pretectal nuclei (OPT) regulating the PLR. The M1 and M2 subtypes have 
been shown to receive indirect synaptic input from cones via bipolar cells but M2 
cells are less sensitive than M1 cells, leading to postulations that M2 cells may 
mediate cone-driven responses at high irradiances (Schmidt and Kofuji, 2010). 
Although M2 cells project to the core of the OPT (Baver et al., 2008), whether this 
part of the OPT mediates the PLR is still unclear. Even the M1 subtype consists of 
two distinct sub-populations distinguished by their expression of the transcription 
factor Brn3b. Brn3b-positive M1 ipRGCs do not innervate the SCN and ablation of 
these cells impairs the PLR but not circadian phase shifting (Chen et al., 2011). In 
light of this, human ipRGCs may well have similar properties and may explain our 
discordant results in the efficacy of intermittent red light at driving the PLR and 
circadian phase shifting. In the few individuals with strong circadian phase delays to 
red light, the absence of melatonin suppression may represent different sensitivity 
thresholds to light in these responses. Whether these responses are driven by rods, 
medium-, or long-wavelength cones is admittedly hard to say for certain. 
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Assessments of circadian phase have traditionally relied on core body 
temperature, melatonin (plasma, urinary, or salivary), and cortisol. Based on our data, 
forehead skin temperature may be a convenient physiological phase marker that is 
easy in terms of data collection. Similarly, the heart rate profile over a CR procedure 
oscillates in a circadian fashion, offering another viable physiological marker to the 
arsenal. Our HR and FST data are also consistent with that of another study, which 
found that heart rate was phase-locked to heat production, and skin temperature 
measured from the forehead is in phase with core body temperature, unlike readings 
from more distal skin sites of the body (Kräuchi & Wirz-Justice, 1994). While we are 
not suggesting that FST and HR should take the place of more traditional measures, 
the advantages they accord by virtue of their ease of collection and convenience make 
them useful adjuncts in studies of circadian rhythms. Further refinements and 
optimisation in their deployment, data collection, and analyses would potentially 
bring much benefit to the field. 
Finally, constraints on time and resources have inadvertently resulted in 
limitations on experimental design and execution. Ideally, in addition to studying 
more participants per group, we would have liked to include 3 more light exposure 
groups, namely: a negative control condition in the form of total darkness during the 
LE period to gauge endogenous baseline drift of circadian rhythms in our study 
population; a continuous blue light group; and an intermittent blue light group at 






Despite being commonly mediated by ipRGCs, circadian phase shifting, 
melatonin suppression, and the PLR do not necessarily respond in concert to light 
interventions. One surmises that this may be a result of unconfirmed sub-populations 
of ipRGCs in humans that differentially regulate these non-visual responses and 
different sensitivity thresholds to light stimuli. The substantial individual differences 
in participants exposed to red light, in particular those with circadian phase delays 
comparable in magnitude to that achieved under bright white light exposure, show 
that light stimuli outside the range of sensitivity of melanopsin are capable of driving 
circadian phase shifting. 
The TWInCLE project was primarily designed to look at non-visual responses to 
light exposure but the protocol offered an opportunity to concurrently investigate 
behavioural performance under shift work conditions; because by interposing the LE 
day between the two CR procedures, we have inverted the sleep-wake schedules of 
our study participants such that the first 16 hours of CR2 encompass their regular 
sleeping hours. We investigated and compared the participants’ performance on a 
commonly-used test for assessing sustained attention between CR1 and CR2, and 
sought to use their physiological data to predict lapses in performance. How we did 
this and the results we obtained are detailed in the following chapter. 
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Chapter 4: Heart Rate Variability as a Predictor of 
Impairments in Psychomotor Vigilance during 
Circadian Misalignment 
Introduction 
Lapses in attention result in consequences ranging from mild inconveniences and 
embarrassment to serious accidents impacting work productivity, health, and safety. 
There are thus ongoing endeavours to detect and predict such lapses so that adequate 
warning and preventive measures can take place. To this end, technologies have been 
developed to assess sleepiness and fatigue, both major contributors to lapses in sustained 
attention and vigilance (Balkin et al., 2011). Prominent methods include monitoring 
measures known to be associated with levels of fatigue and sleepiness, such as 
percentage of eye closure (PERCLOS) (Dinges et al., 1998) and the 
electroencephalogram (EEG) (Lal and Craig, 2002; Lal et al., 2003). Depending on the 
setting and environment where they are to be deployed, the equipment and monitoring 
method used should ideally be unobtrusive, practical, and reliable. 
In the TWInCLE project (described in Chapter 3), participants underwent two 26-
hour constant routine (CR) procedures, offset by 10 hours in terms of sleep/wake times. 
For example, a participant who wakes at 8am in the first CR procedure (CR1) would 
then wake at 6pm in the second CR procedure (CR2). In humans, sleepiness is thought 
to be modulated by interactions of the endogenous circadian rhythm and sleep 
homeostasis (Borbély, 1982; Daan et al., 1984; Czeisler and Gooley, 2007). While the 
circadian process results in an oscillation between enhanced alertness and increased 
sleep propensity, homeostatic sleep pressure increases monotonically with increasing 
time spent awake. Because the durations of CR1 and CR2 are identical, the build-up of 
sleep pressure due to the homeostatic sleep process is comparable between both CR 
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procedures from the perspective of time elapsed since their respective points of 
commencement. But as CR1 starts in the morning but CR2 does so in the evening, the 
time points in the CR procedures where the circadian drive for alertness are strongest 
and weakest would not be the same in both CR procedures. Therefore, sleepiness across 
time in each CR procedure would be modulated by the circadian and homeostatic sleep 
processes differently. In fact, CR2 bears similarities to a night shift in a shift-work 
schedule. Following up on work that showed how measures of heart rate variability 
(HRV) can be used to predict levels of daytime sleepiness (Chua et al., 2008), our 
laboratory recently extended such findings in participants kept awake for 40 hours 
during a CR procedure and showed that HRV measures can help predict lapses in 
sustained visual attention as measured by the Psychomotor Vigilance Task (PVT), with 
sensitivities and specificities comparable to those achieved by using PERCLOS (Chua et 
al., 2012). Specifically, two such HRV measures seemed to be modulated by both sleep 
pressure and circadian time, so the experimental design in the TWInCLE project offered 
an opportunity to investigate the performance of PERCLOS and HRV measures under 
both sleep/wake schedules (CR1 and CR2). 
In this data analysis, we used the number of PVT lapses as an objective measure of 
impairment in sustained visual attention and vigilance, and compare the performance of 
various candidate measures (subjective, ocular, and heart rate-derived) at predicting such 
impairments. We aimed to validate our findings in our previous study using the same 
methods with data from CR1. In addition, we investigated the performance of the 
candidate measures under CR2 conditions to see if the correlations still hold up and to 





The participants (n = 24) and protocol were identical to that described in Chapter 3 
for the TWInCLE study (see Figure 4.1). 
Subjective sleepiness and assessment of visual attention 
During each CR procedure, participants rated their subjective sleepiness and 
underwent performance testing 2-hourly starting from 2.5 hours after commencement of 
each CR procedure resulting in 12 such sessions per CR procedure. Subjective 
sleepiness was assessed using a Visual Analogue Scale (VAS), which is a straight line 
with opposing ends representing extreme sleepiness or alertness. By clicking and 
dragging a cursor along the line to select a position, participants indicated how 
sleepy/alert they felt at the time of the test. Sustained attention was assessed using the 
visual Psychomotor Vigilance Task (PVT), with each session lasting 10 minutes 25 
seconds. In this simple reaction time test, participants had to press a button on a response 
box as soon as they saw a stimulus appear on the monitor screen. The inter-stimulus 
interval was randomised (from 2 to 10 seconds) and a running counter provided visual 
feedback to the participants on their performance in each trial. Raw data were collected 
in the form of reaction times to the visual stimuli and an attentional lapse was defined as 
a trial where the reaction time was longer than 500ms. Both the VAS and PVT were 
programmed and executed using E-Prime 2.0 software (Psychology Software Tools Inc., 
Pittsburgh, Pennsylvania). 
Ocular measures 
Pupillometry was conducted using a mono-ocular eye-tracker as described in 
Chapter 3. PERCLOS 80 was defined as the percentage time per minute where the 
eyelid covered at least 80% of the pupil (Dinges et al., 1998). Because PERCLOS was 
designed to measure slow eye movements rather than eye blinks, eye closures lasting a 
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threshold duration or less were excluded. For our purpose, we selected 400ms, the mean 
value of the recommended 300 – 500ms range (Hammoud and Zhang, 2008) as our 
threshold. Due to equipment unavailability, pupillometry was not performed for 5 
participants. 
Figure 4.1 
The study protocol was identical to that described in Chapter 3. Time 
points when the psychomotor vigilance task (PVT) was administered 
are indicated with asterisks, for a total of 12 PVT sessions per constant 
routine (CR) procedure. 
 
Heart rate measures 
Heart rate data were determined from electrocardiography utilising a single-channel 
modified V5 lead. Detection of the QRS complexes in the electrocardiogram (ECG) was 
performed using a method based on the Hilbert transform (Benitez et al., 2001), along 
with artefact removal using an algorithm executed using MATLAB (MathWorks, 
Natick, Massachusetts) to produce the time series of NN-intervals (normal-to-normal 
intervals: essentially RR-intervals resulting from normal sinus node depolarisation). 
Heart rate (HR) and other time-domain measures (standard deviation of NN-intervals 
(SDNN), proportion of successive pairs of NN-intervals that differ by more than 50ms 
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(PNN50), and the root-mean-square of successive differences in NN-intervals 
(RMSSD)) were then determined from the NN-interval time series. Frequency-domain 
measures were determined after spectral analysis on the NN-interval time series using 
the Lomb-Scargle periodogram method (Moody, 1993). These measures include 
conventional metrics such as the NN-interval spectral power in the very low frequency 
(VLF, ≤0.04Hz), low frequency (LF, 0.04 – 0.15Hz), and high frequency (HF, 0.15 – 
0.4Hz) bands, as well as the power spectral density between 0.02 to 0.08Hz (PSD(0.02-
0.08Hz)), which we found to be strongly correlated with PVT lapses in our previous 
study (Chua et al., 2012). 
Data analyses 
Although our participants were divided into 3 light exposure groups, we analysed 
their results as one group in favour of improving statistical power and reasoned that any 
pronounced effects of light exposure on HRV and alertness would be acute and not 
expected to carry over to CR2. 
Because ECG data were collected continuously across each CR procedure, event 
markers (activated by the participants, or laboratory technicians if participants forgot) 
indicating the commencement and ending of each PVT session were used to mark the 
period in the record where the PVT occurred. As the event markers would not coincide 
precisely with task onset and offset, we adopted a conservative approach by analysing 
PVT lapses and the candidate markers from the 1
st
 to the 9
th
 minute (8 minutes duration 
in total) of the PVT, so that all measures assessed were not outside the duration of the 
PVT. 
As there exist inter-individual differences in the range of PVT lapses and the 
candidate measures, normalisation of data was performed to permit group analyses. 
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VAS, PERCLOS 80, and the heart rate measures for each CR procedure were 
normalised by Z-scoring. For CR1, PVT lapses were normalised on a scale from 0 
(baseline) to 1 (peak). The baseline number of lapses was obtained by taking the median 
number of lapses in sessions that occurred within 16 hours after the habitual wake time. 
For example, if the study participant self-selected a midnight to 8am sleep schedule, the 
seven PVT sessions that occurred between 8am (habitual wake time) and midnight (16 
hours after habitual wake time) would be considered in the calculation of baseline 
number of lapses. The peak number of lapses was obtained by taking the average of the 
two largest values, which served to minimise the effect of outliers. The raw numbers of 
PVT lapses were then linearly transformed based on the determined baseline and peak 
values. PVT data from CR2 were normalised by two different methods. In one, which 
we shall hereon refer to as CR1-normalisation, the raw values of PVT lapses were 
linearly transformed as described above based on the baseline and peak values obtained 
in CR1. In the other, which we shall hereon refer to as self-normalisation, the baseline 
and peak values used to linearly transform raw PVT data were derived from CR2 data. 
The method of calculating the peak value is identical to that for CR1 but uses the two 
largest values of PVT lapses in CR2 instead. For baseline values, the same concept of 
using only PVT sessions that occurred within 16 hours after the habitual wake time 
applied. Thus, in the same example participant we used above with a habitual wake time 
of 8am, only PVT sessions that occurred before midnight in CR2 are eligible. Since he 
would start CR2 at 6pm (10-hour offset from CR1 wake time, refer to introductory 
section or study protocol), the average of only the first two PVT sessions would be used 
as the baseline value for CR2 self-normalisation. 
Once normalisation of PVT lapses and the candidate measures were done, we 
separated the data into three groups: CR1, self-normalised CR2, and CR1-normalised 
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CR2. We then performed Pearson correlation analyses on PVT lapses and the candidate 
measures to determine the strength of their linear relationships. 
To compare the relative performance of each candidate measure to one another at 
predicting sessions with PVT lapses over a threshold, we utilised receiver operating 
characteristic (ROC) analysis (Lasko et al., 2005). The binary classification task was to 
identify occurrences where the number of PVT lapses was above the classification 
threshold level, which we set at 25%, 50%, or 75% of the range (difference between the 
peak and baseline values used for normalisation) of PVT lapses, just as we have done in 
our previous work (Chua et al., 2012). We will refer to these thresholds as t25, t50, and 
t75 from now on for convenience. Data were pooled within each group for this purpose. 
Since we make 12 predictions per subject per CR procedure, corresponding to the 12 
PVT sessions in each CR procedure, this works out to 288 (24 subjects × 12 time points) 
predictions per group. Optimal classification thresholds for each candidate measure were 
calculated by maximising the value of: 
                             
where   is the slope to the tangent to the ROC curve, defined as 
   
                   
                  
  
   
 
  
and   is the pretest probability (Zweig et al., 1993). Cost ratios were fixed at 1.0, 0.5, 
and 0.25 for t25, t50, and t75 respectively as in our previous study. Pretest probabilities 
were estimated empirically from our data, yielding 0.344, 0.265, and 0.183 for t25, t50, 
and t75 respectively in CR1. The corresponding pretest probabilities for self-normalised 
CR2 were 0.545, 0.358, and 0.219; and those for CR1-normalised CR2 were 0.462, 
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0.313, and 0.198. Assessments of relative performance of the candidate measures at 
correctly classifying PVT lapses above classification thresholds were done by 
comparing the area under the curves (AUC) using a nonparametric approach (DeLong et 
al., 1988). All analyses relating to ROC curves were performed using SigmaPlot 11 
(Systat Software Inc., San Jose, California). 
Results 
Figure 4.2 shows the grouped normalised profiles of PVT lapses, our primary 
measure of impairment in sustained vigilance, for CR1, self-normalised CR2, and CR1-
normalised CR2 data. The CR1 profile was similar to that in our previous work in that 
the number of lapses increased and crossed the 25% threshold shortly after habitual 
sleep time (16 hours after wake), crossed the 50% threshold in the middle of the night, 
and then the 75% threshold close to habitual wake time (24 hours after wake). As the CR 
procedures in this protocol lasted only 26 hours, the partial recovery in performance that 
occurs subsequently was not captured, resulting in a monotonically increasing profile. 
The profiles for CR2 show that impairment also happened after habitual sleep time (6 
hours after wake in CR2), and crossed the 50% threshold level in the middle of the night 
and is mostly bound approximately between the 50% and 75% threshold levels for the 
rest of CR2. The different profiles in CR1 and CR2 demonstrate that sustained attention 
is modulated not only by duration spent awake, but also by the circadian rhythm of sleep 




PVT profiles of number of lapses across time for CR1 and CR2 (both self- 
and CR1-normalised, see main text for definitions and normalisation 
methods). Dotted horizontal lines indicate 25%, 50%, and 75% thresholds 
from baseline. Lapses in sustained attention were low during habitual 
hours of wake in CR1, crossing the 25% threshold shortly after habitual 
bedtime and monotonically increasing until the end of CR1, crossing even 
the 75% threshold. The 25% threshold was crossed much earlier in CR2 
but subsequent impairments were largely confined between the 50% and 




We then examined the grouped normalised profiles of the 10 candidate measures 
(Figure 4.3) in CR1 and CR2. With the exception of HR, all other candidate measures 
show profiles generally resembling those of PVT lapses. The HR profile shows rhythmic 
oscillations of a circadian fashion regardless of CR procedure and was thus a suitable 
measure of circadian phase, which we used and described in Chapter 3. Table 4.1 
summarises the Pearson correlation coefficients of the 10 candidate measures versus 
PVT lapses for both CR procedures. For CR1, both VAS and PERCLOS 80 showed 
strong correlations with PVT lapses (r = 0.86 and 0.84 respectively), higher than what 
we previously found (r = 0.59 and 0.77 respectively) when participants were subjected 
to a 40-hour CR procedure (Chua et al., 2012). Consistent with previous findings were 
the relatively strong correlations from SDNN and PSD(0.02-0.08Hz) (r = 0.62 and 0.60 
respectively) compared to the other HRV measures. For CR2 data, we observed 
generally weaker correlations of the candidate measures with PVT lapses. Even though 
VAS and PERCLOS 80 still showed the strongest correlation with PVT lapses among 
the candidate measures, their Pearson correlation coefficients were lower (r = 0.61 and 
0.76 respectively) than those in CR1. Among HRV measures, SDNN and PSD(0.02-
0.08Hz) had the highest correlation coefficients (r = 0.52 and 0.50 respectively). 
Therefore, in general, VAS and PERCLOS 80 correlated most strongly with PVT lapses, 
with SDNN and PSD(0.02-0.08Hz) showing strongest correlations with PVT lapses 





Normalised profiles of all 10 
candidate measures across 
time in (A) CR1, (B) CR2 
(self-normalised), and (C) 
CR2 (CR1-normalised). 
Measures with profile shapes 
resembling the time course of 
PVT lapses in the same CR 
procedure would be expected 
to correlate well and may thus 
serve as predictors or 
surrogate markers of 
attentional lapses. Vertical 
dotted lines indicate habitual 
bedtime and wake time for 
reference. 
 
Fig 4.3A: CR1 
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Fig 4.3C: CR2 (CR1-normalised) 
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Pearson correlation coefficients (mean ± SEM) 
Candidate Measure CR1 CR2 Previous work 
PERCLOS 80 0.84 ± 0.04 0.76 ± 0.03 0.77 ± 0.04 
VAS 0.86 ± 0.02 0.61 ± 0.04 0.59 ± 0.04 
HR -0.40 ± 0.08 -0.26 ± 0.08 -0.26 ± 0.07 
SDNN 0.62 ± 0.08 0.52 ± 0.07 0.67 ± 0.04 
RMSSD 0.45 ± 0.08 0.36 ± 0.08 not reported 
PNN50 0.32 ± 0.09 0.30 ± 0.09 not reported 
VLF 0.64 ± 0.05 0.48 ± 0.07 0.57 ± 0.05 
LF 0.51 ± 0.08 0.44 ± 0.08 0.56 ± 0.05 
HF 0.37 ± 0.08 0.25 ± 0.08 0.19 ± 0.06 
PSD(0.02-0.08Hz) 0.60 ± 0.06 0.50 ± 0.07 0.68 ± 0.03 
 
Table 4.1 
Pearson correlation coefficients of candidate measures 
showing strengths of correlation of each measure with the 
number of lapses on the psychomotor vigilance task (PVT) in 
CR1, CR2, and our previous work (Chua et al., 2012). 
Values shown are Pearson’s r ± SEM. 
We next evaluated the relative performance of the candidate measures at detecting 
occurrences of sessions with PVT lapses above different impairment thresholds (t25, 
t50, and t75). To recapitulate, these thresholds were defined as 25%, 50%, and 75% 
above each participant’s baseline number of lapses for a CR procedure, relative to the 
range of PVT lapses during the CR procedure. Figure 4.4 shows the ROC curves 
obtained for the three thresholds in CR1 and Table 4.2 shows the corresponding AUC, 
optimised sensitivity/specificity, and pairwise comparisons with PERCLOS 80. VAS 
and PERCLOS 80 performed similarly well at all 3 thresholds in CR1 (p = 0.13, 0.23, 
and 0.88 for t25, t50, and t75 respectively). For all 3 thresholds in CR1, AUC for SDNN 
and PSD(0.02-0.08Hz) were all within 0.83 to 0.88 and not significantly different from 
each other. They were also outperformed by VAS and PERCLOS 80 (all p-values < 
0.05). At the optimal classification point for t25, PERCLOS 80 identified attentional 
impairments with 80% sensitivity and 94% specificity. SDNN and PSD(0.02-0.08Hz) 







ROC curves for CR1 data showing how well 
various candidate measures perform at accurately 
predicting PVT performance impairment at the 
25%, 50%, and 75% levels. 
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Table 4.2 (this page and next) 
Summary of results of ROC analysis on data from CR1. The area 
under the curve (AUC) of each candidate measure reflects how well it 
performed at predicting PVT performance impairment at the 
respective thresholds indicated. Using PERCLOS 80 as the reference, 
chi-squared tests were performed to examine if the performance of a 
candidate measure is significantly different from that of PERCLOS 80, 
with p-values shown. Sensitivity and specificity values of candidate 
measures at correctly classifying PVT performance impairment are 
also shown. 
 
Area under the ROC curve, sensitivity, and specificity values for CR1 
t25 
Candidate Measure AUC χ2 p - value Sensitivity Specificity 
PERCLOS 80 0.93 ± 0.02 - - 80% 94% 
VAS 0.96 ± 0.01 2.33 0.127 82% 97% 
HR 0.23 ± 0.03 344.20 < 0.0001 2% 99% 
SDNN 0.85 ± 0.03 8.09 0.004 77% 82% 
RMSSD 0.77 ± 0.03 28.05 < 0.0001 47% 88% 
PNN50 0.69 ± 0.03 49.70 < 0.0001 9% 97% 
VLF 0.87 ± 0.02 5.44 0.020 62% 92% 
LF 0.82 ± 0.03 17.36 < 0.0001 49% 90% 
HF 0.73 ± 0.03 36.98 < 0.0001 40% 90% 
PSD(0.02-0.08Hz) 0.88 ± 0.02 4.04 0.045 67% 92% 
 
t50 
Candidate Measure AUC χ2 p - value Sensitivity Specificity 
PERCLOS 80 0.95 ± 0.01 - - 90% 94% 
VAS 0.97 ± 0.01 1.42 0.234 92% 92% 
HR 0.27 ± 0.03 298.60 < 0.0001 3% 100% 
SDNN 0.84 ± 0.03 12.42 0.0004 63% 91% 
RMSSD 0.73 ± 0.04 38.10 < 0.0001 66% 74% 
PNN50 0.66 ± 0.04 57.08 < 0.0001 73% 62% 
VLF 0.85 ± 0.03 13.01 0.0003 67% 89% 
LF 0.80 ± 0.03 21.35 < 0.0001 59% 86% 
HF 0.69 ± 0.04 47.05 < 0.0001 38% 87% 






Candidate Measure AUC χ2 p - value Sensitivity Specificity 
PERCLOS 80 0.95 ± 0.02 - - 90% 92% 
VAS 0.95 ± 0.01 0.02 0.882 96% 86% 
HR 0.24 ± 0.04 270.20 < 0.0001 4% 98% 
SDNN 0.85 ± 0.03 6.07 0.014 70% 87% 
RMSSD 0.79 ± 0.04 17.62 < 0.0001 82% 68% 
PNN50 0.72 ± 0.04 30.34 < 0.0001 78% 61% 
VLF 0.85 ± 0.03 5.98 0.014 70% 90% 
LF 0.79 ± 0.04 17.47 < 0.0001 82% 67% 
HF 0.74 ± 0.04 27.36 < 0.0001 78% 60% 
PSD(0.02-0.08Hz) 0.83 ± 0.03 9.41 0.002 76% 81% 
 
 
Over the next four pages: 
Figure 4.5 
ROC curves for CR2 (A) self-normalised and (B) CR1-normalised data 
showing how well various candidate measures perform at accurately 
predicting PVT performance impairment at the 25%, 50%, and 75% levels. 
Table 4.3 
Summary of results of ROC analysis on (A) self-normalised and (B) CR1-
normalised data from CR2. The area under the curve (AUC) of each candidate 
measure reflects how well it performed at predicting PVT performance 
impairment at the respective thresholds indicated. Using PERCLOS 80 as the 
reference, chi-squared tests were performed to examine if the performance of 
a candidate measure is significantly different from that of PERCLOS 80, with 
p-values shown. Sensitivity and specificity values of candidate measures at 









Figure 4.5A: ROC curves for CR2 (self-normalised)  
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Table 4.3A: Area under the ROC curve, sensitivity, and specificity values for CR2 (self-
normalised) 
t25 
Candidate Measure AUC χ2 p - value Sensitivity Specificity 
PERCLOS 80 0.87 ± 0.02 - - 76% 87% 
VAS 0.86 ± 0.02 0.20 0.653 83% 79% 
HR 0.35 ± 0.03 129.40 < 0.0001 98% 3% 
SDNN 0.78 ± 0.03 9.35 0.002 84% 60% 
RMSSD 0.70 ± 0.03 26.54 < 0.0001 69% 69% 
PNN50 0.67 ± 0.03 33.22 < 0.0001 78% 55% 
VLF 0.76 ± 0.03 10.84 0.001 83% 59% 
LF 0.74 ± 0.03 14.66 0.0001 85% 52% 
HF 0.62 ± 0.03 45.57 < 0.0001 61% 65% 
PSD(0.02-0.08Hz) 0.79 ± 0.03 5.90 0.015 66% 82% 
 
t50 
Candidate Measure AUC χ2 p - value Sensitivity Specificity 
PERCLOS 80 0.86 ± 0.03 - - 78% 83% 
VAS 0.79 ± 0.03 6.44 0.011 90% 60% 
HR 0.36 ± 0.03 116.80 < 0.0001 100% 1% 
SDNN 0.75 ± 0.03 13.52 0.0002 67% 74% 
RMSSD 0.70 ± 0.03 21.34 < 0.0001 77% 63% 
PNN50 0.67 ± 0.03 28.14 < 0.0001 82% 48% 
VLF 0.73 ± 0.03 16.85 < 0.0001 71% 65% 
LF 0.71 ± 0.03 17.79 < 0.0001 69% 68% 
HF 0.64 ± 0.03 36.41 < 0.0001 70% 58% 
PSD(0.02-0.08Hz) 0.72 ± 0.03 18.59 < 0.0001 63% 77% 
 
t75 
Candidate Measure AUC χ2 p - value Sensitivity Specificity 
PERCLOS 80 0.88 ± 0.03 - - 85% 78% 
VAS 0.76 ± 0.03 14.22 0.0002 90% 56% 
HR 0.39 ± 0.04 80.77 < 0.0001 100% 0% 
SDNN 0.73 ± 0.04 18.52 < 0.0001 71% 68% 
RMSSD 0.68 ± 0.04 33.40 < 0.0001 76% 56% 
PNN50 0.64 ± 0.04 44.05 < 0.0001 60% 63% 
VLF 0.71 ± 0.04 21.24 < 0.0001 81% 57% 
LF 0.67 ± 0.04 25.34 < 0.0001 63% 73% 
HF 0.63 ± 0.04 42.72 < 0.0001 73% 54% 
PSD(0.02-0.08Hz) 0.72 ± 0.04 22.94 < 0.0001 75% 65% 
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Figure 4.5B: ROC curves for CR2 (CR1-normalised)  
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Table 4.3B: Area under the ROC curve, sensitivity, and specificity values for CR2 (CR1-
normalised) 
t25 
Candidate Measure AUC χ2 p - value Sensitivity Specificity 
PERCLOS 80 0.88 ± 0.02 - - 78% 87% 
VAS 0.84 ± 0.02 1.35 0.245 85% 70% 
HR 0.32 ± 0.03 164.40 < 0.0001 0% 100% 
SDNN 0.79 ± 0.03 7.40 0.007 61% 85% 
RMSSD 0.70 ± 0.03 23.91 < 0.0001 56% 75% 
PNN50 0.67 ± 0.03 30.65 < 0.0001 76% 59% 
VLF 0.77 ± 0.03 12.06 0.001 61% 81% 
LF 0.80 ± 0.03 5.80 0.016 75% 77% 
HF 0.65 ± 0.03 35.11 < 0.0001 50% 75% 
PSD(0.02-0.08Hz) 0.79 ± 0.03 7.48 0.006 55% 88% 
 
t50 
Candidate Measure AUC χ2 p - value Sensitivity Specificity 
PERCLOS 80 0.92 ± 0.02 - - 85% 90% 
VAS 0.85 ± 0.02 7.13 0.008 90% 66% 
HR 0.30 ± 0.03 206.80 < 0.0001 2% 98% 
SDNN 0.77 ± 0.03 20.03 < 0.0001 70% 75% 
RMSSD 0.69 ± 0.03 44.64 < 0.0001 82% 52% 
PNN50 0.68 ± 0.03 46.70 < 0.0001 82% 56% 
VLF 0.75 ± 0.03 29.14 < 0.0001 82% 58% 
LF 0.78 ± 0.03 16.71 < 0.0001 76% 72% 
HF 0.65 ± 0.03 59.88 < 0.0001 58% 67% 
PSD(0.02-0.08Hz) 0.77 ± 0.03 23.05 < 0.0001 61% 82% 
 
t75 
Candidate Measure AUC χ2 p - value Sensitivity Specificity 
PERCLOS 80 0.90 ± 0.02 - - 90% 79% 
VAS 0.83 ± 0.03 5.73 0.017 91% 59% 
HR 0.28 ± 0.04 126.70 < 0.0001 4% 99% 
SDNN 0.77 ± 0.04 10.70 0.001 77% 70% 
RMSSD 0.72 ± 0.04 22.54 < 0.0001 88% 48% 
PNN50 0.71 ± 0.04 24.02 < 0.0001 86% 57% 
VLF 0.72 ± 0.04 20.53 < 0.0001 67% 70% 
LF 0.79 ± 0.03 8.23 0.004 65% 83% 
HF 0.68 ± 0.04 33.10 < 0.0001 75% 60% 
PSD(0.02-0.08Hz) 0.77 ± 0.03 12.61 0.0004 67% 80% 
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Figure 4.5A and Table 4.3A show the ROC analyses performed on self-normalised 
CR2 data, and Figure 4.5B and Table 4.3B show the same analyses on CR1-normalised 
CR2 data. Regardless of either normalisation method, similar results were obtained. For 
t25, VAS and PERCLOS 80 were the best performers with no significant differences in 
their AUCs (p = 0.65 and 0.25 for self- and CR1-normalised data respectively). SDNN 
and PSD(0.02-0.08Hz) performed similarly well (AUC ranging from 0.77 to 0.79) but 
were inferior to both VAS and PERCLOS 80. PERCLOS 80 managed to classify with 
76% sensitivity and 87% specificity for t25 self-normalised data, whereas PSD(0.02-
0.08Hz) classified at 66% sensitivity and 82% specificity. For t50 and t75, PERCLOS 
80 was significantly the best performer (AUC ranging from 0.86 to 0.92), outperforming 
VAS, SDNN, and PSD(0.02-0.08Hz). The performance of VAS, SDNN, and PSD(0.02-
0.08Hz) were not significantly different from one another except for t50 on self-
normalised CR2 data, where VAS outperformed both SDNN and PSD(0.02-0.08Hz) (p 
= 0.027 and 0.019 respectively). In general, when comparing the AUC using CR2 data, 
values obtained by self-normalisation were lower than those by CR1-normalisation, 
suggesting that performance of candidate measures can be slightly improved if 
normalisation parameters from a conventional sleep/wake schedule are available.  
Discussion 
Consistent with results from our previous study (Chua et al., 2012), we found that 
SDNN and PSD(0.02-0.08Hz) are capable of estimating lapses in sustained attention and 
tracking such impairments during sleep deprivation across the habitual sleep period. In 
contrast to our previous findings, however, heart rate variability measures did not 
perform as well as self-rated sleepiness (VAS) or PERCLOS at estimating PVT 
performance. In addition, subjective sleepiness performed just as well as PERCLOS 80 
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at classifying subject performance on the PVT during CR1, whereas in our previous 
study VAS was inferior to PERCLOS 80, SDNN, and PSD(0.02-0.08Hz). A key 
difference between our previous study and CR1 from the present one lies in the duration 
of the CR procedure. In the former, participants were kept awake for 40 hours, thereby 
including data on sustained attention during an extended wake period encompassing 
their habitual waking hours after a night of sleep deprivation. Because CR1 ended 
shortly after habitual wake time in the present study, our data did not capture the 
improvement in PVT performance that would have occurred after this time point. It is 
likely that the disparity in performance of the VAS at detecting deteriorations in 
sustained attention can be attributed to the extended duration of wake maintenance in 
our previous study. Specifically, while the VAS does a good job at tracking PVT 
performance during the habitual hours of sleep, participants’ perceptions of how sleepy 
they feel subsequent to that are poor indications of their actual performance at sustained 
attention. Instead, we speculate that during extended wake periods (i.e., greater than 24 
hours), PERCLOS 80 and HRV measures give better estimates of PVT performance. To 
test this hypothesis, future work can include analyses of data from only the first 26 hours 
of our previous study’s CR procedure, to see if the relative performance of PERCLOS 
80, VAS, SDNN, and PSD(0.02-0.08Hz) resembles that of CR1 in our present study. 
As mentioned in the introduction to this chapter, sleepiness can be modelled by the 
dual processes of circadian sleep regulation and homeostatic sleep pressure, and their 
interactions (Borbély, 1982; Daan et al., 1984). The PVT lapses profiles in CR1 and 
CR2 illustrate this by showing how an objective measure of sleepiness varies when these 
processes are not in synchrony. In CR1, sleep pressure is low during daytime, when the 
circadian drive for alertness is highest so PVT lapses are relatively infrequent. During 
the night, sleep pressure has built up after more than 16 hours spent continuously awake 
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and the circadian rhythm increasingly favours rest over activity, exacerbating sleepiness 
as high sleep drives from both processes reinforce each other, resulting in severe impacts 
on PVT performance as the night wears on. In CR2, PVT performance starts to 
deteriorate shortly after habitual sleep time as the alerting effect from the circadian 
process diminishes. However, this is ameliorated by the fact that sleep pressure is low 
because the time elapsed since waking is still relatively short. By the time sleep pressure 
builds up during daytime in CR2, the circadian rhythm promotes wakefulness again and 
now picks up some of the slack caused by sleep homeostasis. Therefore, even though 
PVT performance degrades earlier in CR2 compared to CR1, impairment levels hardly 
exceed the 75% threshold regardless of the method of normalisation. One caveat that 
bears mentioning is the fact that due to the way the study protocol was designed to 
address the primary aims of the experiment (see Chapter 3), CR1 and CR2 were 
separated by a day where light exposure was performed to shift the participants’ 
circadian rhythms. Therefore, depending on the magnitude of phase shifting achieved, a 
participant may not be at the same circadian phase in CR2 even if the clock time was 
identical to that in CR1. Having said that, small differences
5
 in circadian phase between 
CR1 and CR2 would not be expected to affect our general conclusions.  
Our analyses of the results from CR2 show that SDNN and PSD(0.02-0.08Hz) do 
not perform as well at detecting sessions of increased impairment as they do in CR1. 
However, it is worth noting that all candidate measures were inferior in CR2 when 
compared against their performance in CR1. This underscores the need to find new 
measures or to refine existing ones to better detect sleepiness and fatigue under 
unconventional working hours (e.g., when the normal sleep-wake cycle is inverted). 
                                                             
5 Phase shifts of close to 4 hours were observed in a couple of individuals but at our current data 
resolution of 2 hours, this would translate to a discrepancy of not more than 2 data points. We 
acknowledge that this could have some impact on the resultant predictive model if PVT performance and 
the candidate measures are differentially affected by circadian phase and/or sleep pressure. 
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Even though SDNN and PSD(0.02-0.08Hz) were not as good as PERCLOS 80 in CR2, 
we wonder if they would possibly perform better if CR2 extended beyond 26 hours. 
Future experiments may help confirm this. While the higher ROC curve AUC values for 
CR1 would suggest that normalisation of data should preferably be done under 
conditions where the circadian and homeostatic sleep processes are in sync, this may not 
always be convenient. This may not be critical however, as shown by the close similarity 
of results from self-normalised and CR1-normalised data in CR2. 
Although they do not outperform PERCLOS 80, HRV measures like SDNN and 
PSD(0.02-0.08Hz) offer distinct advantages because ECG recording and monitoring can 
be portable, convenient, and non-intrusive. 24-hour Holter monitoring is already in 
routine clinical use and other non-contact heart-rate monitors have been developed 
(Droitcour et al., 2004). Although PERCLOS 80 is a good predictor of levels of 
sustained attention, ocular monitoring may not always be convenient and practical. For 
example, even though in-vehicle dashboard-mounted cameras can be used to monitor 
eye closure, there may be difficulties acquiring retinal reflections from drivers’ eyes or 
under conditions when extraneous sunlight is reflected within the vehicle (Hartley et al., 
2000). 
Our participants displayed large inter-individual variability in PVT performance, 
similar to other studies (Van Dongen et al., 2004), thus requiring us to use relative 
thresholds in classifying performance impairments. In practice, a high-performance 
individual may suffer from moderate impairment during sleep deprivation yet 
experience the same absolute number of attentional lapses as a low-performance 
individual who is fully rested. We acknowledge that the method we deployed cannot be 
used to predict absolute performance. Instead, what we are able to do is to provide some 
92 
 
indication of an individual’s level of performance relative to his/her rested peak levels. 
Other practical considerations include having to obtain individualised baseline data on 
heart rate when fully rested. Normalisation parameters will also need to be obtained 
from population data to transform raw HRV data collected. Also, our data were collected 
in a controlled laboratory environment where activity and posture were restricted. As 
HRV may be affected by gender, age, medications, and cardiovascular health (Stein et 
al., 1997; Sinnreich et al., 1998; Task Force of the European Society of Cardiology and 
North American Society of Pacing and Electrophysiology, 1996), future studies will be 
needed to determine if SDNN and PSD(0.02-0.08Hz) are robust predictors of lapses in 
attention. While we only assessed the performance of HRV measures and PERCLOS 80 
on predicting sustained attention, future work on other cognitive behavioural tasks 
influenced by sleepiness and fatigue may reveal interesting correlations as well. 
Conclusion 
The TWInCLE project presented, in the form of two CR procedures starting at 
different clock times, an opportunity to study how PERCLOS 80 and HRV measures 
correlate with lapses in the PVT across rested wake and sleep deprivation under different 
sleep/wake timings. We show that all measures did not perform as well when circadian 
rhythm and homeostatic sleep processes are not in conventional synchrony. Despite this, 
PERCLOS 80 still performed best at predicting lapses in sustained attention, with 
SDNN and PSD(0.02-0.08Hz) performing moderately well. Despite the challenges, we 
believe that SDNN, PSD(0.02-0.08Hz), and possibly other HRV measures show 
potential as objective physiological indicators of sleepiness and can be useful adjunctive 
measures in situations where ocular monitoring may not be possible or practical. 
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Chapter 5: Summary and Conclusion 
Summary 
In this chapter, I shall sum up the findings of the previous chapters and briefly 
discuss possible directions for future work in the field. 
This thesis has focused on the human circadian system, looking in turn at both its 
input (light) and outputs (physiological and behavioural responses). We started off by 
looking back at how the discovery of melanopsin in intrinsically photosensitive retinal 
ganglion cells (ipRGCs) of the mammalian eye opened up new vistas in our 
understanding of how light regulates non-visual responses. Of these non-visual light 
responses, we were primarily interested in the pupillary light reflex (PLR), 
suppression of melatonin secretion from the pineal gland, and entrainment of the 
endogenous circadian rhythm. These responses show short-wavelength sensitivity to 
high-irradiance light implicating a key role for melanopsin, but studies also hint that 
classical photoreceptors (rods and cones) contribute briefly at the commencement of 
light exposures, and also in response to low-irradiance light stimuli (Lockley et al., 
2003; Gooley et al., 2010). We hypothesized that it should be possible to prevent the 
decay in the rod/cone contribution, and to enhance non-visual light responses, by 
manipulating the pattern of light exposure. 
We used the PLR to test if this is possible because it is relatively easy to measure 
and quantify, compared to other non-visual light responses. We were able to compare 
results of our experiments in normal-sighted individuals with a blind individual who 
had intact non-visual light responses but no rod/cone function. This opportunity 
allowed us to investigate the contributions of rods and cones to the PLR during 
exposure to continuous light. We found that in normal-sighted individuals, red light 
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was effective at driving the PLR, not what would be expected if melanopsin was the 
sole contributor to the PLR. Unlike normal-sighted individuals, the pupils of the blind 
individual were unable to track changes in alternating pulses of light and darkness 
when exposed to intermittent light, showing that rods and cones are necessary to 
encode rapidly-changing light stimuli. When normal-sighted individuals were 
exposed to long-duration continuous light targeting the photopic system, the PLR 
showed an initial maximal response followed by a period of pupillary escape where 
the pupil recovers towards its pre-light exposure baseline size. Through the use of 
intermittent long-wavelength light stimuli, dark pulses presumably allowed cones to 
dark adapt and recover their sensitivity during these intervals. Over all intermittent 
light frequencies that we tested (0.1 to 4Hz), this resulted in greater overall PLR 
responses than those achieved by continuous light. Therefore, the use of intermittent 
light exposures may be an effective method to sustain the contributions of rods and 
cones to the PLR response. 
Using the PLR as a model for other non-visual light responses, we then sought to 
investigate if intermittent light can also elicit similar effects in circadian phase 
shifting and melatonin suppression. Using moderate-irradiance red light to minimise 
melanopsin responses in normal-sighted young males, we found that in agreement 
with our previous experiment, pupil diameter increased gradually during exposure to 
continuous red light, but remained constricted in intermittent red light. Contrary to our 
findings for the PLR, however, the group exposed to intermittent red light showed no 
significant differences in magnitudes of circadian phase shifting and melatonin 
suppression compared with the continuous red light group. There were substantial 
differences in phase shift responses within each group, with some individuals showing 
phase delays comparable to those achieved by exposure to bright white light. Despite 
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this, none of these individuals showed any signs of melatonin suppression. Our results 
suggest that rod/cone photoreceptors participate in circadian phase resetting in 
humans, but responses are weaker than those driven by melanopsin. Our data also 
demonstrate that separate sensitivity thresholds exist for different non-visual light 
responses. We draw this conclusion from the fact that all participants had positive 
PLR responses to red light but none experienced melatonin suppression, and circadian 
phase shifting was intermediate between the former two with some individuals 
showing positive responses. It remains to be determined whether these differences in 
sensitivity arise in the retina (e.g., at the level of ipRGCS) or in the brain. 
Our experimental protocol also allowed us to study potential predictors of lapses 
in sustained attention across two 26-hour continuous wake episodes starting at 
different times of day. The profiles of PVT lapses in our participants supported a 
model of sleepiness resulting from an interaction of the dual processes of an 
oscillatory circadian rhythm and a monotonically increasing build-up of sleep 
pressure (Borbély, 1982; Daan et al., 1984). Echoing a previous study by our 
laboratory where participants were kept continuously awake for 40 hours, our 
analyses showed that two measures of heart rate variability (HRV), the standard 
deviation of NN-intervals (SDNN) and the NN-interval power spectral density 
between 0.02 to 0.08Hz (PSD(0.02-0.08Hz)), are promising measures useful at 
predicting if an individual’s performance at the Psychomotor Vigilance Task (PVT), a 
test of sustained attention, will exceed an impairment threshold relative to his baseline 
performance. A commonly used ocular measure, the percentage time per minute 
where the eyelid obscured 80% of the pupil (PERCLOS 80), was the best objective 
measure at predicting such impairments. When the continuous wake episodes began 
in the evening however, all candidate measures assessed suffered decrements in 
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performance compared to when such episodes began in the morning. Our findings 
suggest that all sleepiness-monitoring technologies should be tested when the sleep-
wake cycle is inverted (e.g., during shift work), as the results might differ from those 
obtained during total sleep deprivation. 
Future work 
To delineate the respective physiological and functional properties of rods, cones, 
and melanopsin in vivo, methods that selectively disable all other photopigments 
except for the one under investigation will provide the best evidence. Although 
genetic and pharmacological methods have been deployed in animal studies, they are 
problematic to translate to the human setting. Therefore, in normal-sighted 
individuals, we can only use our knowledge of their different properties (e.g., kinetics, 
wavelength sensitivity, and irradiance) to preferentially target photopigments of 
interest. The availability of individuals with functional impairments in rods, cones, or 
melanopsin will present invaluable opportunities for the research community. 
Individuals such as the blind participant described in our study and rod monochromats 
are already potential candidates. Those with full rod/cone functionality but no 
functional melanopsin have yet to be identified but these individuals will be ideal 
subjects for investigating the contributions of classical photoreceptors to non-visual 
light responses. For example, full pupillary constriction under high intensity light was 
achievable in mice even with the loss of more than 80% of ipRGCs provided the 
residual cells still retained melanopsin (Güler et al., 2008). However, in a knock-out 
mouse model, the complete absence of melanopsin prevents the pupil from attaining 
full constriction (Lucas et al., 2003), suggesting that for the PLR at high light levels, 
rods and cones are not able to completely compensate for the loss of melanopsin. It 
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would be interesting to see if this result is similar in humans. We might even venture 
to speculate that such people would show deficits in visual acuity in high-irradiance 
environments because their pupils are unable to attain full constriction. Therefore, we 
strongly advocate awareness in the clinical community, from whom patients screened 
for photopigment deficits can be referred.  
In an effort to selectively study classical photoreceptors, we elected a strategy of 
using narrow-bandwidth long-wavelength light to avoid targeting melanopsin. To 
build on our findings that red light is capable of driving strong PLR responses, future 
work should aim to also test such responses at different irradiances. This holds true 
for the effects of intermittent and continuous red light on circadian photoentrainment 
and melatonin suppression as well. To confirm that different sensitivity thresholds 
exist for the PLR, melatonin suppression, and circadian phase shifting, light exposures 
at different intensities, including the scotopic range, may be used to plot sensitivity 
functions for these non-visual light responses. Past studies have already provided 
some stepping stones for such work. As discussed in Chapter 3, Zeitzer et al. (1997) 
showed that red light can induce circadian shifts in humans. Melatonin suppression 
was observed in only a minority of subjects and there were no correlations between 
the degree of phase shifting and amount of melatonin suppression. The same group 
subsequently conducted a study with white light (Zeitzer et al., 2000) and found that 
response saturation was reached at a lower light intensity for melatonin suppression 
compared to phase shifting. As white light was used, melanopsin probably also 
contributed to the responses. A study using 503-nm light on golden hamsters (Nelson 
and Takahashi, 1991) found that melatonin suppression was more sensitive to light 
than photoentrainment. But Hanifin et al. (2006) showed that while high-intensity red 
light can suppress melatonin release in Syrian hamsters, melatonin suppression in 
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humans subjected to high-intensity red light was not significantly different from dark 
controls, again sounding a cautious warning to avoid over-generalising results in other 
animals to humans. Human studies in future that measure circadian phase shifting, 
melatonin suppression, and pupillary constriction in response to stimulation of visual 
cones at various intensities may hold hope at characterising their sensitivity 
thresholds. 
To reduce variability between subjects, we chose to study only young, ethnic 
Chinese males. Despite our efforts to minimise extraneous factors, we still observed 
substantial differences in the magnitude of circadian phase shifting. We are not 
certain about the underlying reasons for the observed variability although it is possible 
that circadian phase resetting is not a stable trait and that there are other exogenous 
modulatory factors we failed to control for. Testing if circadian light responses are 
stable traits would entail recruiting participants willing to undergo identical 
experimental protocols over multiple visits, similar to efforts at investigating trait-like 
vulnerabilities to sleep deprivation (Van Dongen et al., 2004). One would then be able 
to assess if individual differences in non-visual light responses are reproducible. 
Nevertheless, replication of our results in females as well as other age and ethnic 
groups would be useful to confirm the robustness of our general findings or provide 
insights into how these factors influence the outcomes we observed. For example, 
transmission of short-wavelength light is reduced with increasing age so non-visual 
responses to red light may be less affected by ageing. Indeed, Duffy et al. (2007) 
suggest that changes in lens opacity and thus effective retinal illumination may be a 
possible reason why they observed a lower sensitivity in circadian phase shifting to 
moderate-intensity light compared with younger subjects. Studies in other ethnic 
groups may also reveal differences in non-visual responses attributable to genetic 
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factors. African-Americans, for example, have been reported to have shorter free-
running periods compared with other ethnic groups (Smith et al., 2009; Eastman et 
al., 2012). 
Ongoing research on the different subtypes of ipRGCs will also help us interpret 
our results possibly in the context of specialisation of physiological functions by each 
subtype. While we postulate that our results may be explained by the differential 
axonal projections of M1 ipRGCs to regions separately responsible for the PLR, 
melatonin suppression, and circadian photoentrainment depending on the expression 
of Brn3b, there might be additional contributions from the other subtypes that have 
yet to be fully characterised. For example, M2 ipRGCs send axonal projections to the 
core of the olivary pretectal nuclei (OPT) (Baver et al., 2008). While the shell of the 
OPT, innervated by Brn3b-positive M1 ipRGCs (Chen et al., 2011), is known to be 
responsible for the PLR, the function of the OPT core is still unclear. Whether it 
might modulate the PLR or be involved in an entirely different process remains to be 
seen. One caveat I would like to raise is that these results in mice will need to be 
shown in primate, if not human studies before we can definitively draw conclusions 
about their applicability to human non-visual light responses. As illustrated by the 
divergent outcomes of intermittent red light on circadian phase shifting in mice (Lall 
et al., 2010) compared to our study, results from animal studies are valuable guides 
and frames of reference but should still be cautiously interpreted in the human 
context. 
We currently rely on various physiological markers to measure output rhythms of 
the human circadian clock because direct measurement of the master circadian 
pacemaker, the suprachiasmatic nuclei (SCN), is not possible. Various markers such 
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as core body temperature, melatonin, and cortisol have been used but they may be 
influenced by exogenous factors that mask the underlying rhythm. Even under strictly 
controlled conditions such as a constant routine (CR) procedure, phase assessments 
via different markers may differ, placing a limit on precision. Yet there are practical 
advantages in employing more than one marker to mitigate data loss in one or more 
modalities due to technical errors. When we take into account different methods of 
interpreting the data and the inevitability of data loss at various time points, the 
problem is compounded. For example, one study looked at plasma melatonin and 
concluded that factors like the amplitude and completeness of the data lead to 
different phase assessments depending on the method of analysis used (Klerman et 
al., 2012). The different pros and cons of using each marker provide no clear 
indication of which to preferentially rely on and so in our study, we have chosen to 
equally weigh the results from the markers we utilised and obtain a simple average. 
Forehead skin temperature (FST) and heart rate (HR) were found to oscillate in a 
circadian fashion and offer the advantages of convenience, ease of use, non-
invasiveness, and high resolution. We are therefore hopeful that future endeavours to 
optimise the use of these markers will lead to more options for the circadian biologist. 
An additional issue is that to properly assess phase, at least 24 hours of data must be 
collected or we risk not having enough information to construct a circadian profile. 
This not only makes data collection a laborious process, it also means that data loss at 
critical time points can render the remaining data useless. In addition, due to the 
masking effects of sleep, activity, meals, and posture, subjects need to be kept 
continuously awake across the period of measurement, making collection of field data 
difficult. Therefore, methods that allow accurate and rapid determination of circadian 
rhythm properties such as amplitude, phase, and period will bring exponential benefits 
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to researchers in human chronobiology, opening avenues to conducting studies on the 
impact of real-world work and leisure practices on the circadian rhythm. Knowing the 
exact phase without a burdensome and long period of assessment will also make 
strides in the application of light therapy or other countermeasures to those suffering 
from circadian misalignment. Some attempts at such methods have already been made 
with a recent study proposing the use of skin temperature, ambient blue light, and 
motion acceleration as factors in a multiple regression model (Kolodyazhniy et al., 
2011). We are cautiously optimistic that further innovations will be made and that we 
will see progress made in accuracy and the use of convenient, unobtrusive measures. 
Our investigation of HRV measures in predicting lapses in attention due to 
sleepiness have shown some promise even though, in their present form, they do not 
perform as well as PERCLOS 80 at estimating PVT lapses. Further evaluation and 
fine-tuning of these HRV parameters may improve their performance. For example, 
our use of PSD(0.02-0.08Hz) arose empirically from analysis of our data set. This 
power spectral band is not one of the conventionally defined ones and instead 
straddles the very low frequency (VLF) and low frequency (LF) bands. Similarly, in 
future work, we may be able to customise new time-domain or frequency-domain 
measures that may perform better. The goal is not to replace PERCLOS 80 but to 
provide a viable alternative measure that is reliable and yet possesses advantages that 
complement the limitations of PERCLOS 80. Heart rate monitoring is a safe, portable, 
and non-invasive technology that should also find easy acceptance among the 
population. Notwithstanding the fact that subjective measurements of sleepiness as 
indicated by a visual analogue scale performed relatively well in our study, objective 
measures of sleepiness and fatigue will still be necessary as previous studies have 
shown that sleepy individuals are poor assessors of sleepiness and performance 
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impairment (Belenky et al., 2003a; Schmidt et al., 2009), and that subjective 
sleepiness varies as a function of prior sleep history (Rupp et al., 2009). 
Finally, validations of HRV measures should be conducted using tests of 
functional impairments from sleepiness other than the PVT, or even those assessing 
other aspects of cognitive behaviour such as impulsiveness, anxiety, or even risk-
taking. This might reveal interesting correlations that may find applications in other 
work settings. The chief application of measures that detect attentional lapses lies in 
warning drivers, transport workers, and operators of heavy machinery about 
impending situations where they may place lives or property at risk. To that end, 
PERCLOS 80, HRV, or other measures will need to be further refined and optimised 
to be reliable regardless of day or night shift conditions. Ultimately, they will need to 
be rigorously tested in real operational environments to ensure that they are robust to 
the influences of external factors that may confound data collection and the markers 
measured. Even though the obstacles to overcome are numerous, any incremental 
improvement that brings us one step closer to that goal will bring benefits in the form 
of lives and resources saved from every accident prevented. 
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